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Abstract

Electronic structures of MgGand CaCegin the cubic C15-type and hexagonal C14-type Laves phases are calculated in a self-consistent
LMTO-ASA method, including the correction of the GGA, for the paramagnetic, ferromagnetic and antiferromagnetic states. By the com-
parison of calculated total energies, the ground states of Mg@o CaCeg are shown to be ferromagnetic in the C14-type structure and in
the C15-type one, respectively, being consistent with the observed results. A good agreement between the calculated and observed values o
lattice constant and magnetic moment is obtained for Mg@uat the agreement between them is not so good for @aCo
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 528 K. MgCa@ and CaCg are ferromagnetic with relatively
large magnetic moment, while the compounds A®ath
Most of Laves phase Co-compounds ACform a cu- the transition-metal elements are non-magnetic as mentioned

bic C15-type lattice structure with a transition-metal element above. First-principle band calculations based on the local-
A =Sc, Ti, Y, Zr, Nb, Lu, Hf and Ta. The ground state of spin-density functional formalism have been carried out for
these compounds is paramagnétic Some of them, YCp CaCaq [5,6], but the calculated result of the Co moment is
and LuCo, are known to be strongly exchange-enhanced smaller than the observed one. For MgQao band calcula-
paramagnets and to exhibit a metamagnetic transition fromtion has been carried out so far.

the paramagnetic state to the ferromagnetic one by external In this paper, the electronic structures of MgCand

magnetic fields at low temperatui@. CaCaq are calculated by the linear muffin-tin orbital method
With divalent atoms Mg and Ca, Co atom may also form (LMTO) with the atomic sphere approximation (ASA) for the
the Laves phase structure. Busch@m] found that MgCe Cl4-type Laves phase structure in the paramagnetic, ferro-

with a hexagonal C14-type Laves phase structure is a ferro-magnetic, and antiferromagnetic states and for the C15-type
magnet with the magnetic moment Ju8 per Co atom and  structure in the paramagnetic and ferromagnetic states. By
the Curie temperature 321 K. The isoelectronic compound the comparison of these calculated total energies, the most
CaCaq, on the other hand, has recently been synthesized atstable lattice structure and magnetic state for Mg@nd

high pressure 8 GHa]. This compound forms the C15-type CaCa are discussed.

structure and the ground state is ferromagnetic; the magnetic

momentis 1.75ug per Co atom and the Curie temperature is
2. Calculated results

* Corresponding author. Fax: +81-263-37-3071. The first-principle band structure calculations for MgCo
E-mail addresshyamada@gipac.shinshu-u.ac.jp (H. Yamada). and CaCe are carried out by the LMTO method with the
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Fig. 1. Local DOS curves of MgGao(a) and fictitious compound Scggb) with the C14-type structure (bold solid and dotted curves are local DOS of Co
atoms at 6h and 2a sites, and thin curve is that of Mg/Sc atom at 4f site. The FernfidaseltE = 0.

ASA. A non-local exchange-correlation potential, so-called and the position oEg shifts towards higher energy side than
the generalized gradient approximation (GG#) is used in that for MgCa so that the number of electrons on Co atoms
this paper. All relativistic effects are included except the spin- does not change.
orbit interaction. The self-consistent calculations are carried  Fig. 2shows the calculated total energies of MgG@s a
out at 133 inequivalerit-points in the irreducible 1/24 Bril-  function of the volume per formula unit (one Mg and two
louin zone for the C14-type lattice structure and 120 inequiv- Co). The energies for the paramagnetic, ferromagnetic and
alentk-points in the irreducible 1/48 Brillouin zone for the antiferromagnetic states in C14-type structure are denoted
C15-type one. The basis set with angular momentum is takenby C14(P), C14(F) and C14(AF), respectively. Here, the an-
up tolmax = 3. The ratio between atomic spheres of Mg/Ca tiferromagnetic spin structure is assumed to be aJFilype
and Co used in ASA is taken as (¥&for both lattice struc- collinear one. The energies for the paramagnetic and ferro-
tures, which is determined by the touching rigid spheres of magnetic states in C15-type structure are denoted by C15(P)
atoms. Thes/aratio of the lattice parameters in the C14-type and C15(F). The minimum energy is obtained for the ferro-
structure is kept to an ideal ratio (88} magnetic state at the observed volug, [3] for C14-type

In Fig. 1(a) the local density-of states (DOS) curves for structure. The total energy for the antiferromagnetic state in
MgCo; in the non-magnetic state with the C14-type structure C14-type structure is found to be higher than that in the fer-
at the observed lattice const4§8}. The local DOS curves for  romagnetic state. The present result supports the result de-
Co atoms at 6h and 2a sites in the C14-type structure arerived from the NMR measuremerj# that the discontinuity
shown by the bold solid and dotted curves. The local DOS of the magnetization observed in Mg not due to the
curve of Mg atom at 4f site is shown by thin curve. The Fermi antiferromagnetic-to-ferromagnetic transition.
level Er lies at the high portion of the local DOS of Co. Then, The calculated local moments of Co and Mg atoms in
the ferromagnetic state is stabilized in MgGaith the C14- MgCo, for the ferromagnetic and antiferromagnetic states
type structure. For the C15-type structuge,lies at a sharp
peak of the local DOS of Co, being similar to the case of
CaCaq [6]. The shape of local DOS of Co for the C15-type
structure is similar to that of YGo However, the position
of Er for YCo lies beyond the sharp peak. The shiftif
comes from the different hybridization between the d-states
of Mg/Y and Co, as shown in the case of Ca@®)]. For the
case of C14-type structure also, the hybridization between the
d-states of Mg and Co plays an important role in the position
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of Er. To see this fact, the local DOS curves are calculated ‘ e CU5H) o

for fictitious compound ScGowith C14-type structure and 001l ‘*~~o--~.....--v---C"]' A(F)

the same lattice constant as that for MgGehich are shown Vexp

in Fig. 1(b). The high local DOS of Sc around the enefy s ! s

= 0.1 Ry is constructed mainly by the d-states of Sc. As the 36 38 Vol 4((/)\3/f ) 2
olume U

energy levels of d-states of Sc come close to the levels of
d-states of Co, then the d—d hybndlzatlon becomes Strong’Fig. 2. Total energies of MgGowith C15-type and C14-type structures.

compared with that in Mng This fact means that |O.Cf':1| The curves denoted by (P), (F) and (AF) are those in the non-magnetic,
DOS'’s of Co at 2a and 6h sites become low (by the mixing) ferromagnetic and antiferromagnetic states.



H. Yamada, H. Shimizu / Journal of Alloys and Compounds 388 (2005) 15-18 17

T T T '
131 Co (6h) PP 0.01} 1
~ oo g R la w00 '
g | [~ _O,_—O" —
g 0rFCoa  0"RF Co(6h) 5
g E \ clr).
O S e e
3 0 5 L o . 6 1;;01;6;
5 AF Mg (4f) 2 e o
E ol ccoioio o comcoronoo 3 LSHAR
> L SRR S SSER SUER SRR SRR S SN - .
s F Mg (4f) -0.01 | . CI4(F) ‘exp |
: | Ve e 5 CIS(F)
36 38 40 42 44 46 48 50 52
Volume (A3/f.u.) Volume (A3/fu.)

Fig. 3. Calculated local moments of Co atoms on 6h and 2a sites and Mg
at 4f site in MgCa with C14-type structure. The sublattice moments of Co
and Mg in the antiferromagnetic state are shown by AF Co and AF Mg.

Fig. 5. Total energies of CaGowith C15-type and C14-type structures.
The curves denoted by (P), (F) and (AF) are those in the non-magnetic,
ferromagnetic and antiferromagnetic states.

are shown irFig. 3as a function of the volume per formula

unit. At Vexp, the local moments of Co at the 6h and 2a sités gne. Then the C15-type structure is stabilized in Ga®e-

are 1.32 and 1.28g. A small and negative induced moment  jng consistent with experimenif]. However, the observed

—0.17pg is found on the Mg atom in the ferromagnetic state. yajye of the volume per formula unitexp is rather larger

The calculated results of the lattice constant and the magnetiGnan the theoretical one.

moment are in a good agreement with the observed3ag The local moments of Co and Ca in CaGuith C15-type

and also with the recent NMR measuremédaisFor antifer- and C14-type structures are showFigs. 6 and s a func-

romagnetic state, the sublattice moments on Co atom at 6htjon of the volume per formula unit. In C15-type structure,

site and Mg atom at 4f site are obtained to be 1.16 and 0.05¢a|culated local moments on Co and Ca at the theoretical vol-

kg, respectively, aVexp. The Co atom at the 2a site has N0 yme, where the calculated total energy becomes minimum,

moment in the antiferromagnetic state. The calculated local 3re 1.40 and-0.29 wg, respectively. Those values ¥gxp

moments of Co and Mg for C15-type structure are shown in are 1.49 and-0.32 g, which are close to the previously

Fig. 4 ] ) calculated ong5]. However, the observed magnetic moment
Fig. Sdenotes the calculated total energies of Ca@ith under magnetic field 0.9 T is rather large, &per formula

C14-type and C15-type structures for the non-magnetic, fer- ynjt j.e., 1.75u per Co atom, at 4.2K. Recent magneti-

romagnetic and antiferromagnetic states. The ground state is;ation measuremen{§] show somewhat smaller moment

obtained to be the ferromagnetic state in C15-type structure.3 1,5 per formula unit in CaCg being still larger than the

The minimum energy for the ferromagnetic state in C15-type ca|culated result.

structure is found to be a little lower than that in C14-type
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Fig. 4. Local moments of Co and Mg in Mgewith C15-type structure. Fig. 6. Local moments of Co and Ca in CgGaith C15-type structure.
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result might be related to the experimental fact that Ga€o
synthesized only under high pressi{Bg

The calculated total energy for Mgean the ferromag-
netic state is shown to be minimum at the observed lattice
constan{3]. The calculated local moment of Mge @ also
shown to be close to the observed ¢&gt]. Therefore, the
present band calculation, including the GGA correction, is
found to be reliable for the present system. However, the the-
oretical lattice constant estimated from the minimum point of
the total energy for CaGas rather smaller than the observed
one. Moreover, the calculated magnetic moment of Ga€o
also smaller than the observed value. The discrepancies for
CaCae may be attributed to the off-stoichiometry of the Ca
and Co composition, as pointed ouf8].

Fig. 7. Calculated local moments of Co atoms on 6h and 2a sites and Ca at
4f site in CaCp with C14-type structure. The sublattice moments of Coand R€ferences

Ca in the antiferromagnetic state are shown by AF Co and AF Ca.

3. Conclusion and discussion

In this paper, the ground states of MgCand CaCe are
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