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SmCg; is an important hard magnetic material, due to its large magnetic anisotropy éNe%gy. We have
studied the magnetic properties of SmQrsing density functional theorfDFT) calculations where the Sin
bands, which are difficult to include in DFT calculations, have been treated beyond the local density approxi-
mation(LDA), within the LDA + U formalism. The large MAE comes mostly from the $ishell anisotropy,
stemming from an interplay between the crystal field and the spin-orbit coupling. We found that both are of
similar strengths, unlike some other Sm compounds, leading to a partial quenching of the orbital moment (
states cannot be described as either pure lattice harmonics or pure complex hgrranrepsimal situation for
enhanced MAE. A smaller portion of the MAE can be associated with thd Band anisotropy, related to the
peak in the density of states at the Fermi energy. Our result for the MAE of Sn&1d6 meV/f.u., agrees
reasonably with the experimental value of 13-16 meV/f.u., and the calculated magnetic nfiimtleding the
orbital componentof 9.9ug agrees with the experimental value of 8.
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The permanent magnet intermetallic compound SgnCowith Y removed to elucidate the role of Y, and analyze the
has been studied extensively experimentdllyand electronic origin of the MAE using the force theorem. We
theoretically>~! The interest in these materials is fueled by then move to SmGH where we compute the MAE as a
their large magnetic anisotropy ener@AE), which is de-  function of the Coulomb repulsion parametdr These re-
fined as the difference between the ground-state energies dsalts demonstrate the nature of the $states which shows
to rotation of the magnetic fieltmagnetization directionlt ~ strong competition between the crystal field and the spin-
is generally understood that the main source of the largerbit interactions.

MAE in SmCg; and other Sm-Co magnets is large magnetic For our electronic structure calculations we have used the
single-site anisotropy of the Srh shell®!?71% |n simple  self-consistent FLAPW methdd.The local density approxi-
terms, this means the strong spin-orbit coupling tries to alignmation of Perdew and Wahgand the generalized gradient
the Smf shell with the magnetic field, causing thehell to  approximation(GGA) of Perdew, Burke, and Ernzerhdf
rotate with the field. Sm atoms in a lattice interact with thewere used for the correlation and exchange potentials. Cal-
crystal field, and the energy of this interaction depends omulations were performed using tiveen packagé? Local

the orientation of the Snif shell in the lattice. This is the orbital extensior® were included in order to accurately treat
leading contribution to the MAE. Note that if the crystal field the upper core states and to relax any residual linearization
is too small, the shell rotates freely with the magnetic field, errors. A well converged basis consisting of approximately
producing no MAE, while if the spin-orbit is too small, the 300 LAPW basis functions in addition to the local orbitals
orbital moment is quenched and again no MAE appears. Wavas used with the Y and Sm sphere radii set to 2.115 a.u. and
will see below that in SmGpboth interactions are compa- the Co sphere radii to 2.015 a.u. The results varied only
rable, producing a large MAE. within a few percent for reasonable choices of atomic radii

This basic understanding has existed for a long time, and2.0—3.0 a.y. In our previous study on YCo; we estab-
has been the basis of several model calculations, wheieshed that the plane-wave cutoff paramete#s,, ., andG .y
atomic calculations for Sm have been combined with theof 9 and 14, respectively, are suffucient for MAE calcula-
crystal field parameters derived from first principlestions, so the same parameters were used in this work. Spin-
calculations=> However, first principles calculations which orbit (SO) interaction was incorporated using a second varia-
could provide a quantitative analysis of different componentgional proceduré! where all states below the cutoff energy
of the MAE in SmCg are still missing, to the best of our 1.5 Ry were included. The most recent version of WeN
knowledge. In this paper we report such calculations, usingode, WIEN2K, includes the so-calleg, extensiont®?2
an all-electron, full-potential, relativistic linearized aug- which accounts for the finite character of the wave function
mented plane wavéFLAPW) method with an extension be- at the nucleus for the,,, state that cannot be adequately
yond the local density approximatiofLDA), LDA+U, represented as a linear combination of a finite number of
which accounts for Coulomb correlations in thehell. solutions of the radial Schdinger equation with=1. Self-

Our analysis is organized as follows. We start by lookingconsistent calculations were performed with B@oints in
at the “Co part” of the MAE, the parhot related to the Sm the irreducible Brillouin zone, and increasing to 18@oints
single-site anisotropy. We do this by investigating ¥Co changed the MAE by only-0.1 meV/f.u.
which forms in the same crystal structure as Sgat con- The crystal structure of SmGand YCg is that of CaCy
tains nof electrons. We calculate the MAE for Ygand for  (P6/mmm No. 191. The experimental values efandc/a
the hypothetical Co compound (corresponding to YGp  used in the calculation are 9.452 a.u. and 0.792 for SmCo
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FIG. 1. Crystal structure of SmGoShown are two layers of
hexagonal C(c) with a kagomelattice of Co(3y) atoms lying FIG. 2. Calculated density of statéB0S) using the force theo-
between. The Sm atoms lie in the middle of the hexagons in thgem for magnetization along the axis and along the& axis in
Co(2c) layers. YCos. The difference is only noticeable around the peak near

—15eV.

and 9.313 a.u. and 0.806 for YEoOptimized values of the
c/a ratio and volume were the same as the experimental MAE~3.7%€;(e) — 27“€i (). (1)
values to within~2%. The Co sites are separated into two
sets of inequivalent atoms, z) having two-fold multiplic- ~ We used the force theorem to produce the DOS plots for
ity and Co(3y) having three-fold multiplicity(Fig. 1). In- YCos shown in Fig. 2. The two plots are practically indistin-
cluding spin-orbit coupling into the calculation lowers the guishable on this scale, except neat.5 eV, which shows a
symmetry when the field lies a|ong the p|a(te Pmmm Sllght variation near the top of the peak. Also notice the
No. 47), Separating the 3 atoms Corresponding to @)(3 smaller (_:Od-ban_d minority peak which crosses the Ferml
into two inequivalent sites which have multiplicities of 2 and level on its left side. We now plot the corresponding differ-
1, respectively. To eliminate a systematic ettawe per- ~€nce in the one-electron enerdyq. (1)] against the number
formed the calculation for both magnetization directions usof valence electrongFig. 3). Below full occupatior(48 elec-
ing the same, highesbmmonsymmetry group Pmmm in  trons, there are positive and negative variations to the run-
this casg®® ning value of the MAE which generally average to zero. At
In our previous work! we found the MAE of YCg to be full occupation, 48 valence electrons, the MAE shows a
0.32 meV/Co, which is 0.44 meV/Co lower than the experi-Small positive contribution £ 1.5 meV/f.u,), in agreement
mental number of 0.76 meV/C6.What is important for our ~ With the results found by taking the energy difference of two
discussion is that both experimental and calculated numbegg!f-consistent calculations. This corresponds to the differ-
are substantially larger than the MAE of the hcp @065  €nces under rotation of the magnetization direction in the Co
meV/C9.2° The question arises whether this enhancement i§-Pand minority peak which is cut by the Fermi lev&lig.
due to a different mutual arrangement of the Co ions, 22). Dopant atoms change the DOS and, hence, the calculated
charge transfer between Y and Co, or the MAE associated

with the Y ions. To answer this question, we performed cal- 0.05
culations for a hypothetical G&wompound defined as YGo 0.04 |
with Y removed with the positions of all cobalt atoms un- 0.03|
changed. We found MAE of 0.28 meV/Goompared to 0.32 0.02

meV/Co in YCg), proving that the reason for the relatively

large MAE in YCgq is a favorable arrangement of the Co 0'0;' A /\ AA
\/ V\/

atoms.

We can actually pinpoint the microscopic origin of this -0.01¢
large MAE. The MAE depends on subtle differences in the -0.02f
electronic structure under rotations of the external magnetic g3l
field. While our actual calculations used two self-consistent

MAE (eV)

. ' C o ; 0.041
energies for the two field directions, it is convenient to ana- 0.05
lyze the results using the force theoréMAccording to this T 5 70 15 20 25 30 35 40 4548
theorem, one can start from the same charge detwstich Valence electrons/unit cell

is converged without spin orbjtand then apply the spin FIG. 3. Using the calculated density of stat€0S) of YCos
orbit within one iteration for the two different magnetization (F|g 2) for the two magnetization directions, the product of the
directionse, ande,. One then sums the eigenvalues for theenergy and the difference in the DOS are plotted as a function of
occupied states in both cases, the difference of these sumalence electrons/unit cell. At full occupation, 48 valence electrons,
corresponding to the MAE, good to second order in thea small (~1.5 meV/f.u.) positive contribution to the MAE is re-
change in the electron charge density: lated to the Cad peak near the Fermi energy.
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FIG. 4. Calculateda) spin up andb) spin down density of statd®OS) for the Smf orbitals with GGA and LDA-U (SIC-LDA, GGA)
in SmCg; including spin orbit. The lowest spin-up peak correspondsito+ 3, the second to a combination wf= +2, +1. The highest
valence band peak is composednf0, +2, —2 andm=+1, —1, +3, —3. The conduction band peak is composedcwst —2 and
m=-3, —1.

MAE enough so that one cannot blindly trust the results of a degy

rigid shift of the Fermi energy, but this plot indicates that = an,, 2

small amounts of Fe doping may initially increase the MAE !

before it decreases and changes sign, as has been seen

experimentally’ and theoretically® _den—eq) 3
Several difficulties are encountered going from ¥Go "ang—ng)

SmCgqg. Computationally, the main difference between the

two compounds is that Sm includes an ofieshell that can- We have applied these formulas to a quasiatom residing in a
not be described in the framework of the conventional LDAPotential well defined by the DFT crystal potential, which is
theory. Indeed, uncorrected DRThether LDA or GGA esgpemally easy Wlthln the LMTO technlqum'e d_etalls of
calculations incorrectly pin all of théorbitals at the Fermi this procedure will be reported elsewherghis gives for
energy Er) in SmCa and other systems containing unfiled SMC& U;~5.2 eV andJ;~0.75 eV, which, as the sub-

f orbitals. In order to circumvent this problem, the previoussCrlpts gxplam, will act on the Srh orbitals in the DFT
electronic structure calculatioh®14 for SmCg did not calculation. Note that this approach overscreens the Cou-

treat thef orbitals as valence electrons but as unhybridizeolomb. interaction by forcing all screening charge Into one
. . atomic sphere, therefore such calculatédmay be slightly

core electrons. However, the width of thbands is~1 eV, underestimated

much too large for this approximation. Since the single-site 1 o otect of including LDA- U in the calculation can be

MAE of Smiis due to the asphericity of th:neshells?gin other  coen by looking at the spin-uFig. 4@] and spin-down
words, to the interaction of this shell with the crystal _fleld, [Fig. 4b)] contribution of the Snf orbitals to the density of
understanding the exact shape and occupation of @bit-  gt41e5DOS). With just DFT-GGA, the Snf orbitals form a
als is cru0|_al. Ther_efore we applle_d a Hubbzm‘d:_orrectlon narrow band pinned & (not shown. The addition ofU
to thef orbitals which natura”-y SplItS th-ébands Into IOWer: andJ Sh|fts the unoccupied Spin_minorifyband up by ap_
and upper Hubbard bands with nearly integer occupancies.proximately (U —J)/2 and splits the spin minoritiband into
While the LDA+U method seems the proper procedurethe lower and the upper Hubbard bands, separated roughly
for handling the localized Srhorbitals, the question remains by U—J. Furthermore, LDA-U enhances the Hund’s sec-
which form of the LDA+U should be used. There are sev- ond rule coupling® and tries to unquench the orbital moment
eral prescriptions, differing mainly in the way the double by making the orbital moment projection a good quantum
counted energy components are subtracted®offhe two  number. Without spin orbit there is no Hund’s second rule
most common are referred to in theen code® as SIC and  coupling, and orbital moment is quenched, that is, efch
AMF [the former name is misleading from the physical pointband includes the same amountrof= 3 character, as of the
of view, so Mazinet al2® suggested an acronym FLEully =~ m=—3 character, etc. Spin orbit in combination with Hub-
localized limib]. As discussed by Maziet al,>® the FLL  bardU favors purem states. This scenario holds, for instance
prescription is more appropriate for well localized orbitals,for such Sm compounds as SmAdnd SmZn, where the
such asf electrons in SmCH so it was used in our individual spin and orbital moments are known
calculations™ experimentally’* and the orbital moment is between4.5
The LDA+U method includes two parameteldsand J and—5ug, roughly as expected from Hund’s second rule, in
that have no rigorous definition in a solid. In an atom, oneagreement with LDA-U calculation with a sufficiently large
way to defineU andJ is via the derivatives of the energy of U.*® In SmCg, however, the crystal field is sufficiently
the atomic level with respect to their occupanties strong to prevent total unquenching, and as a result the
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TABLE I. f-occupation matrix for SmGo(U=5 eV, magneti- as f states can converge to a number of metastable
zation direction is 001 The first column lists the eigenvalues, the Configuration§_5 There is no guarantee that the configuration
other the corresponding eigenvectors in terms of spherical harmorshown in Fig. %a) is the true ground state. However, we used
ics with givenm. different starting configurations but were never able reach a
self-consistent configuration with pure states. The calcu-

evalue 3 2 L c -1 -2 -3 lated magnetic moment, which depends crucially on the or-
0.96 08L 0 005 0 0 0 0.14 Dbital configuration, agrees with experiment. The calculated
0.95 0 1. 0 0 0 0 0 spin moment is 122g, and the Sm orbital moment is
0.95 0.12 0 0.79 0 0 0 0.09 _2.8,U,B, while the Co orbital moments are about ,051
0.95 001 O 004 0 0.77 0 0.17 €ach, leading to the total moment of 89, to be compared
0.94 o 0 o 066 0 035 o With the experimental value of 8§&.%% As mentioned,
0.04 006 0 012 0 0.22 0 o0.61 Tfully unquenched orbital moment would be betweed.5
0.02 0 0 o 035 0 o066 o and—5ug,* thus reducing the total moment to 7.2—Zg

and increasing the disagreement with the experiment by a
factor of 2-3.

f-occupation matrix is not diagonal in tha representation The calculated MAE of SmGocomes from two sources.
(Table ), and the orbital moment is reduced t62.8ug  One is the MAE of the Co sublattice, analogous to that in
(within the calculation YCos. The other is the single-site anisotropy of the $m

This can be also illustrated by the DOS for SmCand  shell. The strong spin-orbit effect on the Srshell is neces-
comparing with thé-occupation matriXTable ). The lowest  sary due to the small MAE resulting when the spin-orbit
peak in the DOYFig. 4(@)] is clearly dominated byn=3, effects are weak compared to crystal field effects, as in
corresponding to the first state in the table. The next peak'Cos. If there were no crystal field effects in Smg ahe f
includes two states: a pura=2 state and a nearly pura states would be purm states, so the direction of the orbital
=1 state. The third peak is also composed of two closelyjuantization axis would always coincide with the magnetic
lying peaks, one of characten=0, +2, —2, and a second field, by virtue of the spin-orbit interaction. Assuming a crys-
of characterm=+1, —1, +3, —3. The conduction band tal field interaction much weaker than the spin orbit, we ob-
peak also contains two closely lying peaks, one with mostlyserve that the energy of tHeshell with its orbital moment
m=0 and an admixture ofn=—2, and the second ah  aligned along 001 or along 100 comes from the dependence
=—1 with an admixture oim=—3. The two empty states of the crystal field energy on the orientation of thehell.
are very close in energy and correspond, oneto—2 with ~ The stronger the crystal field, the larger the MAE. The fact
an admixture ofm=0, and the other tan=—3 with an  that the calculated bands in SmCg¢are not purem states
admixture ofm=—1. Note that if we apply LDA-U to indicates that the crystal field in this compound is strong,
scalar relativistic calculations, the charge state offtebell ~ comparable with the spin-orbit interaction. In fact, our pre-
remains the same, but now the bands are formed by the rekinary calculations for a sister compound gbo;; (Ref.
lattice harmonics, with the twé,, states forming the unoc- 38) indicate that thef states there are much closer to pure
cupied upper Hubbard bands and, correspondinglyEthe = m-states than those in Smgothat is, that the crystal field
B1iy, Bay, andA,, states forming the occupied bands. Thethere is weaker, in agreement with the reduced MAE per Sm
distance between the lowesE{,) and the highestA,,)  in SmyCoy;.*°
occupied states gives us a gauge of the crystal field strength: As discussed above, the single site MAE is defined by a
~0.1 Ry (Fig. 5. delicate balance between the crystal field, the spin-orbit in-

A technical problem with LDA-U calculations is that, teraction, and the Hubbard repulsion. Since the HBA
unlike conventional DFT calculations, localized orbitals suchmethod implements the principal aspects of the latter, we do

100 . T 100
90t 1 90+
80+ 1 80+
70+t 1 70t
2 60t E % 60
250| J E 50|
Sl { B4}
30t 1 30t
20+ 1 20t 1
10} 1 10} 1
0 ) 4}&» .\ 0 . J‘L./L_
-10 -5 5 10 =10 -5 5 10
(a) Energy [eV] (b) Energy [eV]

FIG. 5. Calculateda) spin up andb) spin down density of statd®OS) for the Smf orbitals with GGA and LDA-U (SIC-LDA, GGA)
in SmCg without spin orbit. The occupied bands consist of, correspondinglyEthe the B, and B,,, and theA,, states while the
conduction bands consist of the &g, states.
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expect to have a reasonable description of MAE within thisto 6.0 eV the MAE, as expected, changed little. It is also
method. However, the accuracy of such calculations is neoworth noting that using LDARef. 17 instead of GGARef.
essarily limited. A good understanding of this can be gained 8) improves the total magnetic moment (84, with the

by comparing the MAE calculated within two different ver- experimental value being 8.4), but worsens the MAE
sions of thewieN code. Using thewiEN2k packagey in  (26.0 meV/f.u., to be compared with 21.6 meV/f.u. in GGA
WIEN2K.01 the Hubbard correction is applidueforesolving  for the same value ofJ, or with the experiment, 13—16
the second-variational spin-orbit equations, while in themeV/f.u.). Interestingly, both in YCpand SmCg the GGA
WIEN2K.02 version it is donesimultaneouslyWe obtain an aqits are in better agreement with the experiment for the

MAE of 12.6 meV/f.u. using the former yersion, and .21'6 MAE than LDA, although in the former compound calcula-
using the latter. Both compare favorably with the EXPENMEN3i5ns underestimate the MAE, and in the latter overestimate.

—44 ..
tal number of 13-16 meV/f.t"** emphasizing, however, To conclude, we have performed first principle calcula-

the sensitivity of the result to the treatment of the correlatior}ionS of the magnetic properties of SmCosing a highly

effects. X . ;
. . . S accurateLAPw code including the LDA-U formalism. We
DFl'}'.IééVXrt?hgoggg; ST;Z\gtT\;I)XtEthvG\}/;leAf f;g{;;ﬁ'?:ét'g obtained much better agreement with experiment than previ-
L e ’ o ., ous methods which treated th@rbitals as open core rather
the wrong sign: the easy axis in the plane rather than Jaxial h | C . h lculation f C
with the spin moment of 12,85 and an orbital moment of t an valence stz;tes. omparing the calculation for $nCo
with YCos and with the hypotheticdll Co; we conclude that

V;éés";ﬁﬁigrs?(’) Coﬂfgﬁgogsrggrgntrﬁfrl\jz(ée?ng?)%p(tgz;' the MAE of the Co sublattice comes from a favorable ar-
9 G © _rangement of the Co atoms, which leads to a peak in the

11)], but withf electrons treated as an “open core, pmducedspin-minority DOS at the Eermi level. The MAE of the Sm

Z:ﬁEti?)fnoz:‘ythweZ‘ gi?:/t/rfot:ws ?ﬁjggiﬁ%ggiﬂeaéorggl C:‘iee-l q shell comes from the interplay between the spin-orbit cou-
effelcazts y pling, which tends to align théshell according to the mag-
: netization direction and the crystal field, that aligns it accord-

waséni%itttiti?/zrz)mcitgklihgocgevegz dvt\alﬁgedgptnheed;elédftsatl)—n ing to the crystal lattice. In SmGdoth interactions appear
y P ’”"_to be of approximately the same strength, which makes

particularly since the above mentioned quasiatomic proceg .
dure tends to underestimdte Indeed, we found that i) is SmCq such an exceptionally hard magnet even compared

reduced to~ 4 eV the upper Hubbard bands are too close toW'th other Sm-Co compounds.
the Fermi level and the MAE is substantially overestimated  This work was supported by the Office of Naval Re-
(~40 meV/f.u.). On the other hand, wh&hwas increased search and DARPA Grant No. 63-8250-02.
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