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DENSITY FUNCTIONAL CALCULATION OF THECRYSTAL FIELD INTERACTION IN RARE EARTHINTERMETALLIC COMPOUNDS�Martin Divi², Ján RuszDepartment of Ele
troni
 Stru
tures, Charles UniversityKe Karlovu 5, 121 16 Prague 2, The Cze
h Republi
and Manuel Ri
hterDepartment of Theoreti
al Solid State Physi
s, IFW Dresden e.V.P.O. Box 270 116, 01171 Dresden, Germany(Re
eived July 10, 2002)We present a theoreti
al investigation of ele
troni
 properties and 4f -ex
itation spe
tra on several rare earth RX2 
ompounds. Both 
ompoundswith a transition metal (X = Co), 
arrying an indu
ed magneti
 moments,and with essentially non-magneti
 simple metals (X = Al) are 
onsidered.The 
al
ulations are based on a 
ombination of density fun
tional (DF) and
rystal �eld model theories. The Kohn�Sham equations of DF theory weresolved using lo
al spin density approximation (LSDA) but we also testedthe in�uen
e of the generalized gradient approximation (GGA).PACS numbers: 71.15.Mb, 71.70.Ch, 75.50.�y1. Introdu
tionThe rare-earth (R) transition metal or p-metal Laves phase 
ompoundspresent interesting examples of phenomena whi
h 
an o

ur in systems 
om-bining both itinerant and lo
alized magneti
 moments [1℄. In this paper wefo
us our attention on the Co-based RCo2 and Al-based RAl2 Laves phase
ompounds (R = Y, Nd, Ho, Er). In 
ontrast to the isostru
tural RNi2,RAl2 and RFe2 
ompounds, in whi
h the 3d-ele
tron subsystem is eithernon-magneti
 (RNi2), not o

upied (RAl2), or bears a stable magneti
 mo-ment (RFe2), in the RCo2 
ompounds the hybridized itinerant 3d-5d ele
tron� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(1445)
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htersubsystem (3d-4d in the 
ase of YCo2) shows to some extent an intermedi-ate behavior. The YCo2 and LuCo2 
ompounds exhibit ex
hange enhan
edPauli paramagnetism and a metamagneti
 transition (�eld-indu
ed magneti
phase transition from the paramagneti
 to the ferrimagneti
 state under anexternal magneti
 �eld ex
eeding 69 T and 74 T for YCo2 and LuCo2, re-spe
tively) [1℄. In the RCo2 
ompounds with magneti
 R ions, in the or-dered state the e�e
tive internal �eld may ex
eed the 
riti
al �eld ne
essaryto indu
e the metamagneti
 transition in the 3d-ele
tron subsystem. Therespe
tive magneti
 phase transitions at Curie temperature TC are of �rstorder in RCo2 with R = Dy, Ho and Er, and of se
ond order in the oth-ers [1, 2℄. In the 
ase of RAl2 
ompounds the magneti
 properties originatefrom the lo
alized R-moments whi
h are 
oupled by indire
t ex
hange in-tera
tion via the 
ondu
tion ele
tron subsystem (R-5d, R-6s, Al-3s, Al-3pele
tron states). Thus, the RAl2 system 
an serve as a model system to testvarious theoreti
al approa
hes [3℄.The ele
troni
 stru
ture of RCo2 intermetalli
s 
an be des
ribed as a
ombination of a relatively narrow Co-3d band with a wider R-5d band whi
his higher in energy. The hybridization of the more than half �lled Co-3d bandwith the almost empty R-5d band 
an result in an antiferromagneti
 
ouplingif magneti
 ordering is established. In this work, the ele
troni
 stru
ture ofRCo2 and RAl2 was studied in the framework of density fun
tional theory(DFT). Thus, the 
al
ulations in
lude also the nearly-free ele
tron states likeCo-4s, 4p, Al-3s, 3p and R-6s, 6p to establish a realisti
 des
ription of theele
troni
 stru
ture. The strongly 
orrelated R-4f -states do not 
ontributeto the 
hemi
al bonding in the 
onsidered systems due to strong intra-atomi

orrelations whi
h over
ome the small hybridization with the valen
e states.This behavior is 
onveniently modeled by the �open-
ore� approa
h [4, 5℄ .2. Theoreti
al methodWe have applied both lo
al spin density approximation (LSDA) and gen-eralized gradient approximation (GGA) [6℄ for the treatment of the ex
hangeand 
orrelation e�e
ts. In the present study we used two di�erent 
ompu-tational methods, namely (i) general potential linearized augmented planewave (LAPW) [7℄ and (ii) fully relativisti
 optimized linear 
ombination ofatomi
 orbitals (OLCAO) [8℄, to solve the e�e
tive single parti
le Kohn�Sham equations. In all our 
al
ulations we used latti
e parameter valuesa = aexp (see [1℄, p. 371 for RCo2; [3℄, p. 391 for RAl2).To simulate lo
alized 4f -states in the framework of the LAPW methodwe swit
hed o� the hybridization of the 4f -states with all other valen
e statesand treated the neodymium (holmium, erbium) 4f -states in the spheri
alpart of the 
rystal potential as atomi
-like 
ore states. An integer o

upa-
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tion . . . 1447tion with 3 (10, 11) ele
trons was �xed for the Nd (Ho, Er) 4f -states. In the
ase of OLCAO method the 4f -states were treated using the self-intera
tion
orre
ted (SIC) LSDA approa
h that a

ounts for the �rst Hund's rule 
ou-plings among the 4f ele
trons within the atom [9℄. This s
heme providesdeeper 4f -levels and more lo
alized 4f densities than non-spin-polarizedSIC-LSDA. It improves, as was demonstrated for the 
ompounds PrPd2X3and NdPd2X3 (X = Al, Ga), the agreement between 
al
ulated and exper-imental 
rystal �eld splitting of the lo
alized 4f -states [9℄. Other 
omputa-tional details of presented DFT 
al
ulations for RX2 
ompounds are similarto our 
al
ulations on YCo2 [10℄.3. Results and dis
ussionThe intera
tion with the 
rystal �eld (CF) produ
ed by the neighbor-ing 
ore 
harges and the anisotropi
 valen
e ele
troni
 
harge density isthe strongest perturbation of the lo
alized atomi
-like 4f -states of triva-lent R ions in RX2 
ompounds. In the 
ubi
 symmetry the 
orrespond-ing CF Hamiltonian 
an be written as HCF = � � �A04hr4i(O04 + 5O44� + 
 ��A06hr6i(O06 � 21O46� where Oml are the Stevens equivalent operators and �and 
 are the redu
ed matrix elements [11℄.To 
al
ulate Aml hrli we use a �rst prin
iples method based on the DFT[5, 9℄. Within this method the ele
troni
 stru
ture and the 
orrespondingdistribution of the ground state 
harge density is obtained using the LAPWmethod. The CF parameters Aml hrli originating from the aspheri
al partof the total single parti
le DFT potential in the 
rystal 
an be obtainedfrom Aml hrli / R jR4f (r)j2V ml (r) r2dr where V ml (r) are the 
omponentsof the total (Coulomb and ex
hange-
orrelation) potential. To obtain theradial wave fun
tion R4f of the lo
alized 4f ele
trons of the R3+ ion weused a SIC wave fun
tion (OLCAO method) . The following CF parameterswere obtained for NdCo2: A04hr4i = 93 K and A06hr6i = �17 K; HoCo2:A04hr4i = 43 K and A06hr6i = �3.6 K; ErCo2: A04hr4i = 42 K and A06hr6i= �3.4 K. The values have the same sign and similar magnitude as theexperimental CF parameters (see Tab. 1 of [11℄). Fig. 1 shows the CFsplitting of the ground state multiplets for R = Nd, Ho and Er obtainedfrom diagonalization of the CF Hamiltonian using CF parameters from ourDFT approa
h. Comparing our CF splittings with those derived from the�nal analysis of the INS spe
tra [11℄, one 
an see that our total CF splittingsfor R = Ho and Er are generally 
omparable with those from [11℄. In the 
aseof RAl2 the 
al
ulated CF parameters have again the same sign (positiveA04hr4i and negative A06hr6i) and similar magnitude as the experimental CFparameters [3℄.
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Ndth Hoth Hoexp Erth ErexpFig. 1. The CF splitting of the Hund ground state multiplets of Nd, Ho and Er
al
ulated using LSDA-SIC CF parameters (label th) and experimental CF param-eters (label exp) from [11℄.In summary we 
al
ulated the CF intera
tion for RX2 using �rst prin-
iples DFT method. We demonstrated that our approa
h 
an be used toestimate quantitatively the CF parameters. The theoreti
al CF energiesare in fair agreement with the experimental ones. The work on other RX2systems is in progress.The work was supported by GACR (Pr. 202/00/1602 and 202/02/0739),the resear
h program MSM113200002, GAUK (Pr. 145/2000/B FYZ) andDeuts
he Fors
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