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Coulomb correlations and magnetic anisotropy in orderedL 1, CoPt and FePt alloys
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We present the results of the magnetocrystalline anisotropy en®té¥) calculations for chemically
orderedL1, CoPt and FePt alloys taking into account the effects of strong electronic correlations and spin-
orbit coupling. The local spin density and the HubbBr@pproximation (LSDA-U) are shown to provide a
consistent picture of the magnetic ground-state properties when intraatomic Coulomb correlations are included
for both 3d and & elements. Our results demonstrate a significant and complex contribution of correlation
effects to large MAE of these materials.
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Recent progress in fabrication and characterization of thease of FePt alloy: the LMTO-ASA calculations yield 3.4
magnetic nanoparticles and thin films based on the ordereaheV® 2.8 meV’ 3.5 me\® ASW yields (Ref. 9 2.75 meV,
L1, CoPt and FePt alloys, renewed interest in understandingnd FLMTO vyields 3.9 me\(Ref. 11 and 2.7 meV\!° and
the mechanisms contributing to the large magnetocrystallinfone of these calculations reproduce the experimental MAE
anisotropy of these materials. While the earlier studies weref 1.3—1.4 meV for the bulk and 1-1.2 meV for the
primarily motivated by permanent magnet applications, curfiims'? (when extrapolated t&=0).3
rent research efforts are focused on the use of CoPt and FePt The accurat@b initio calculation of the MAE in itinerant
alloys for the high-density magnetic recording. The large anderromagnet is a very difficult task due to its notorious sen-
controllable magnetic anisotropy energylAE) is then a sitivity to numerical detail$? More importantly, the LSDA
crucial property to overcome a superparamagnetic fimit.  [or generalized gradient approximatidsGA)], which is

The chemically ordered-1, phase of FePt has large conventionally used in the first-principles theory, lacks
uniaxial MAE (~6.6x 10" erg/cc), which is almost by two proper orbital polarization due to the Coulomb correlation
orders of magnitude higher than their disordered fcc pkase effects’® In this paper, we wiski) to clarify the ability of the
dramatic MAE increase with chemical ordering is also typi-LSDA theory to reproduce the experimental MAE for CoPt
cal for other alloys of this kind: CoPt and FeP@he cubic  and FePt alloys, when highly accurate full-potential relativ-
symmetry is broken i1, phase by(i) stacking direction; istic linearized augmented plane-wave meti{B&-LAPW)

(i) by tetragonal distortion due tod3and 5d atomic size s used for the total-energy MAE calculatior(s) to go be-
mismatch. For the tetragonal crystal with uniaxial symmetryyond LSDA and to investigate the role of electron correla-

the MAE depends on pola# magnetization angfeas tions. We account for the on-site Coulomb correlation effects
by using the LSDA-U approack® and to show that corre-
E=K,sirt0+K,sirto+ - - -, (1)  lations should be included for both “magneti¢Fe and Cp

and “nonmagnetic”(Pt) sites to describe consistently the
whereK,; andK, are the anisotropy constants. The seriesmagnetic ground-state properties, such as the MAE and spin
Eq. (1), is rapidly converging an#;>K, for CoPt and FePt and orbital magnetic moments. We quantitatively demon-
L1, alloys®* The MAE is then computed as the total-energy strate a significant and complex character of the intra-atomic
difference when the magnetization is oriented al¢hgO] Coulomb repulsion contribution to the MAE of itinerant fer-
and[001] crystal axes (MAEE[110]—E[001]). romagnet with strongly magneticd3and nonmagnetic &

A significant amount of work has been done to calculateelements.

this energy difference from first principles, employing the We start with the conventional LSDA band theoretical
local spin-density approximatiofLSDA). For the case of method together with the relativistic FP-LAPW methbd
CoPt alloy, the fully relativistic Korringa-Kohn-Rostoker and apply them to perform total-energy electronic and mag-
method yields the MAE of 0.058 meV/f.o.which is very  netic structure calculations for the magnetization fixed along
different from the results of linear muffin-tin orbitals method each of[110] and [001] axes, respectively, and the MAE.
(LMTO) calculations in atomic-sphere approximation The speciak-points method is used for the Brillouin-Zone
(ASA): 2.29 me\? 1.5 meV/ 2 meV® the augmented- integration with the Gaussian smearing of 1 mRyKgnoints
spherical-wavéASW) result of 0.97 meV,and full-potential ~ weighting* For convergence of the total-energy differences
LMTO (FLMTO) calculation resulf® of 1.05 meV and 2.2  within desired accuracybetter than a fewueV), about
meV!! As can be seen, there is an apparent and significaritl 000k points are useéthe MAE as a function ok-points
scatter of the theoretical results, while the experimental meaaumber is calculated to be very similar to the results of Ref.
surements are known to be quite accurate and consistefit0]). The experimental values for the lattice parametears (
yielding the MAE of 1 me\? The situation is similar for the =7.19 a.u., c=7.01 a.u. for CoPt anda=7.30 a.u., ¢
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TABLE I. Magnetic anisotropy energymeV/f.u) calculated using the FP-LAPW method within the

LSDA theory.
Ref. 9 Ref. 11 Ref. 10 Present
CoPt 0.97 2.2 1.05 1.03
Expt. 0.82 T=293 K) (Ref. 3; 1.00 (T=0 K) (Ref. 13
FePt 2.75 3.9 2.73 2.68
Expt. 0.7-1.2 (T=293 K) (Refs. 4 and 12 1-1.4 (T=0 K) (Ref. 13

=7.15 a.u. for FeRtare used® The calculated MAE is and orbital ground-state properties. The calculated bhjn

shown in Table I, in comparison with the recent total-energyorbital M, and total magnetic moments for the magnetiza-

calculations and experimental results. The present FP-LAPWon directed along001] axis are shown in Table IIl. The

results are in very good quantitative agreement with thd-SDA+U agrees with the observed total magnetization/f.u.

ASW results of Oppenetrand the FLMTO results of M, yields a slight increase ®fi%® from its LSDA value of

Ravindrai® and disagree substantially with FLMTO results 2.88u5 and substantially increased® from 0.065%.

of Galanaki$' for a reason which is unclear to us. For CoPtThe change oM and M, of Pt site is very small as com-

alloy, the MAE is calculated in a very good agreement withpared with LSDA. The effect ob) on theM, is seen to be

experimental data, while for FePt, our LSDA resulte-  similar to the “orbital polarization correction” of Brooks

gether with those of Refs. 9 and )l6verestimate the value et al. (LSDA+OP) (see, Table ).*° This ad hocLSDA+OP

of MAE by a factor of 2. correction is known to improvéM, in a number ofd- and
Very recently, the electron-electron interaction was showrf-electron compounds, but it does not reproduce the MAE for

to play an important role for the MAE i itinerantd and  the FePt alloy.

f-electrot® magnetic materials. Here, we use the LSDA  We now describe the CoPt alloy. The MAE as a function

+U method combined with relativistic FP-LAPW baSt&®  of U, is shown in Fig. {b). WhenU is included on Co-site

to account for the intrasite Coulomb repulsidn Minimiza-

tion of the LSDA+U total-energy functional, with SOC

treated self-consistently, generates not only the ground- A .+U(§‘):° oV |

state energy but also one-electron energies and states provid- LSDA :,:3&323; el

ing the orbital contribution to the magnetic moment. The 25@.-.... i

basic difference of LSDA U calculations from the LSDA is T —.

its explicit dependence on on-site spin and orbitally resolved % 2t . T @ @

occupation matrices. The LSDAU creates in addition to £

spin-only dependent LSDA potential, the spin and orbitally ui 12 Exp. MAEM..

dependent on-site + U” potential that produces the orbital ‘Ef 5l gl

polarization?! Since the LSDA- U method is rarely applied ¢ >

to metals, the appropriate values of intra-atomic repul&ion 0.5 4

for Fe, Co, and Pt atoms in metals are not known precisely as a)

they are strongly affected by the metallic screening. Here we 01_1 12 13 14 15 16 1.7 18 19 2

chooseUy from the range of 1-2 eV antlgy from the Intra-atomic Coulomb U, eV

range of 0-1 eV(according to the experimental values for

pure metals®? in order to reproduce experimental values of @ @-UPH=0

the MAE. For the exchangd, we use the values alc, 2 & S4UPH=027eV —

=0.911 eV, Jp.=0.844 eV, Jp,=0.544 eV, which are ob- i)

tained as a result of the constrained LSDA calculatfores)d 1.5 | o —® ® ]

are close to their atomic values. % o i
First, we discuss the FePt alloy. The MAE as a function of & LSDA

Ug, is shown in Fig. 1@). WhenU is included on Fe site o ! * ® *

only and varied in the interval of 1-2 eV, MAE is decreasing < ¢ Exp. MAE

from its LSDA value. The experimental value of the MAE = 0.5 | B - |

cannot be reached without unreasonable increasé &fur- R T

ther meaningful reduction of MAE can be achieved by in- T b) |

cluding U on the Pt sitdsee, Fig. 1a)] and for the value of o09 1 111213 14 15 16 17 18

Up; around 0.544 eV £Jp,), the MAE observed for the .Intra—.ato.mic. Co.ulo.mb.U eV

bulk FePt can be reproduced. We note that the correct value ’

of the MAE can be obtained in the region dfige FIG. 1. (Color online The MAE vs intra-atomic Coulomb re-

~1.5-1.6 eV,Up;=0.5-0.6 eV. pulsion(U) on 3d site for(a) FePt alloy;(b) CoPt alloy for different

We choosgUr.=1.516 eV,Up;=0.544 e\} as a repre- values ofU on Pt site. Note that we use the bulk experimental MAE
sentative material specific parameters set to analyze the spwalues extrapolated tar=0 K.
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TABLE Il. Spin (M), orbital (M) magnetic moments ford  calculations reproduce consistently the MAE, total, spin, and
and & atoms, and total magnetic momeid ) per formula unit  orbital ground-state magnetic moments for CoPt allfgble
(1g); magnetic anisotropy energyneV/f.u) as results of LSDA  ||). Both LSDA and LSDA-OP are only partially successful:
+U calculations for FePt and CoPt alloys. The LSBA calcu- | gpA yields the correct value of MAE but fails fov |CO and

lated Mg and M, values for bce-Fe and hep-Co obtained with the | spa L op improves somewha!, but does not reproduce
same values fold ;4 and J;4 as for Fe and Co atoms in FePt and the MAE '

CoPt alloys. To evaluate further the consistency of the LDSH re-
FePf00T MAE M© Atom M M sults, we performed the LSDAU calculations for the el-
ooy S : emental 3l-ferromagnet bce-Fe and hcp-Co with the same
LSDA+U 1.3 347 Fe 3.00 0.114 values ofUsy andJzy as for Fe and Co atoms in FePt and
{Ug.=1.52 eV,Up=0.54 e\} Pt 0.34 0.048 CoPt alloys(see, Table ). It is seen that without any further
LSDA+OP 29 336 Fe 2.89 0.110 adjustments of parameters, the LSBA provides very rea-
Pt 0.35 0.048 sonable results for the orbital magnetization in elemendal 3
Expt. 1.3 34 ferromagnet. These results demonstrate that the on-site Cou-
CoPf001] MAE M™' Atom M, M, lomb interaction parametetdsy are well transferable in the
LSDA+U 10 255 Co 193 0253 transitionald-metal systems.
{Uco=1.70 eV, Up,=0.54 e\} Pt 038 0.065 As for the choice of the Coulomb for Pt, the challenge
LSDA+OP 164 237 Co 180 o0.161 lies in correcting the LSDA orbital polarization without
Pt 039 0062 harming the exchange splitting which is expected to be well
Expt. 10 24 Co 1921 0284 accountgd in LSDA. The choice dJp;=0.5-0.6 eV then
Pt 036 0.090 looks quite reasonable. Indeed, for the Fit-&ates having
) ' almost equal on-site occupations, the choict) pf~Jp, cor-
bcc-F§001] M, M, ,
_ responds to an effective Stoner exchangepa:u=~!.spa
LSDA+U Upe=1.52 eV 2.234 0.085 .29 . . ’
preserving® the LSDA spin polarization. This allows to en-
LSDA+OP (Ref. 14 2.193 0.078 . . .
Exot 213 0.08 sure that the LSDA-U correction contributes entirely to the
h cxp0501 M M orbital polarization. The LSDA U method, while proposed
cp-Cq ] B s ' to deal with the problems specific for the localized states, in
LSDA+U Uco=1.70 eV 1631 0153 fact, is not limited by this case. This method can be used as
LSDA+OP (Ref. 19 1591 0.123 soon as the on-site Coulomb correlation in the form of the
Expt. 152 014 Hubbard model is physically meaningful. The above com-

parison with the available experimental data for the MAE
and spin/orbital magnetic moments, and the physically rea-
sonable choice of parameters justify the use of on-site
LSDA+U correctiort® for the Pt-5l states as the way to
correct the on-site orbital polarization.

We now discuss the relation between the MAE and the
anisotropy of the orbital magnetic momeniAM,
(=M,[[110]— M,[[001]). Brunc’® showed that in the limit
of strong exchange splittingy .= spin-orbit couplingSOQ,
the MAE is proportional taAM,. This model predicts the
for the magnetization directed alof@01] axis are shown in positive MAE of 0.2 meV for CoPt and negative MAE of

i . o —2.1 meV for FePt, in disagreement with the total-ener
Table Il. Mt is calculated in a good quantitative agreement g %y

yvith the results_ of LSDA&_OPC%nd experimental datahere cal;ullr?grc;n;:nn:r;lﬁgcrarrrzr?s:lﬁzlé \Il\ll)és given in Ref. 27:
is only small increase irMg" from the LSDA value of

1.81ug, while the M,CO is substantially enhanced from its

LSDA value of 0.093y (Table Il). The change oMy and ¢ VT

M, for Pt site is very small. TheM{° increase in the MAE”‘ZA(Mll_MDJFAET[H— spinflip” ], (2)
LSDA+U calculations is substantially morglg pronounced
thage%kétﬂlr;’e?hg é?(aeml_esrlltj-ﬁp%zﬁﬁffrﬁnlc/ﬁ“%r.CoPt were where ¢ i§ the SQC (?onstant. The first .terrmEL) Ls the
measured by Granget al. using the x-ray magnetic circular |11 1-spins contribution due to the orbital momentand
dichroism (XMCD).?* The LSDA+U calculated values for the second term couples the spins and is related to the
M, andM, for the Co-site are in a good quantitative agree-spin magnetic dipole momeiit In the limit of SOC<A,
ment with the XMCD resulté® For the Pt site, the agreement the AEr~ —3&%/A.J AQ,,] is proportional to the difference
is not so good. Probably, it is caused by the use of the atomif quadrupole moment®,, for z=[110],[001]. Note, that
clike sum rules to extrad¥l; andM, from the XMCD spec- this AE; form is valid for Fe and Co since their SQQ.07—
tra. This procedure is not reliable for Pt due to the substan0.08 eV} <A, (3—4 eV) and cannot be used for Pt which
tially itinerant character of Pt electrons. The LSDA U has the SOG0.6 e\) >A,, (0.2 e\).?8

only and varied in the interval of 1-2 eV, the MAE increases
from its LSDA value and deviates from the experiment. As in
the case of FePt alloy, we need to includeon the Pt site.
The increase oUp, yields the decrease of MAE and its
correct value is found in the region ¢t)c,~1.4-1.7 eV,
Up=~0.3-0.6 eY¥. We choose the sefUc,=1.698 eV,
Up=0.544 eV} as a representativ@ote, that we use the
same value olp, as for the FePt alloy, indicating its trans-
ferability). The calculated ground statd, M,, and M
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Equation(2) gives for the CoPt alloyAEC°=1.4 meV,  3d-5d hybridization, so that tinyUsg-induced changes in
AE$°=-0.7 meV, andAE['=1.9 meV and for FePt alloy, Pt-A(M{—M]) produce substantial MAE change due to the
AE[®=-0.1 meV,AET®=1.0 meV, andAE['=1.2 meV. strong Pt SOC. It also explains the surprisingly strong MAE
Here, large AEF®C° contributions to the MAE naturally dependence obp, (cf., Fig. 1, as a variation ol p, causes
originate from the difference in the interplafez,yz3d-5d @ tiny PtA(M{—M|) change (-10 °ug), which in turn
and in-plane{xy}3d-3d hybridization. WithoutA E$t contri-  changes the MAE substan_tlally due to .the strong Pt SOC.
bution, the total MAE of 2.7 meVCoP} and 2.1 me\(FeP} To summarize, accounting for on-site Coulomb correla-

can be estimated, exceeding substantially the experimentdPnS Peyond what is included in LSDA, and using the
values (cf., Table I). We can only roughly estimate that !_SDA+U method in a very general implementation includ-

AE$t~—AQZZ(=0.12(C0Pt),0.09(FePt)) provides addi- ing SOC, we have provided a m_icroscopic theory of the
tional negative MAE contributions that are expected to re_groundtstate magnetic propertieslid, FePt and CoPt al-
duce a total MAE towards the experimental data. Thus, duépys. It is shown bY comparison with t'h(.e expenm'ent. that the
to the strong Pt-SOC, neither of the commonly used MAE-SDA+U method IS capable ofde_scrlt_)lng quantitatively t_he
parametrizatiorf$?” based on the SOC-perturbation theory MAE and the orbital magnetization in these alloys with
expansions is valid on the quantitative and do not provide £Nnysically reasonable choice of Coulorbbparameters. Us-
substitute for the total-energy MAE calculations. Ing the SOC-perturbatlon theory model, we provide 'Wterpre'
still, it is of interest to apply Eq(2) to analyze qualita- tation of our numerical _res_ults. '_I'hese re_sults are belle_ved to
tively the origin of MAE dependence dd, as shown in Fig. be important f(_)r quantitative microscopic unde_rstandlng of
1. This analysis shows that LSDAU MAE vs U depen- the large MAE in these material, and will assist in the devel-

dence is qualitatively consistent with E®), and the change opment of the next _gezneratior_\ magne@i_c recording devices
in AEEtNA(Mll_MlT)Pt contributes substantially to the operating abové& bit/in“ recording densities.

MAE variations withU. In particular, we find the “coupling” We are grateful to D. Weller, V. Drchal, and P. Oppeneer
betweenUs4 and AE"" which originates from the strong for helpful comments and useful discussion.
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