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Abstract: The ferromagnetic intermetallic compound Mn,Gas has been synthesized and characterized by
single-crystal X-ray diffraction study and by magnetic property measurements. The compound, with the
Mn2Hgs-type structure, exhibits a saturated magnetic moment of 2.71 ug per formula unit with Tc ~ 450 K.
The electronic structure of the compound was analyzed by employing FPLO, LMTO, and the extended
Huckel tight-binding calculations. The nonmagnetic electronic structure of Mn,Gas reveals remarkably flat
degenerate (superdegenerate) bands in the vicinity of the Fermi level but only in the a*b*-plane of the
Brillouin zone. The resulting high density of the states at the Fermi level, DOS(Eg), is consistent with the
Stoner condition for the observed itinerant electron ferromagnetism. Detailed orbital analysis shows an
intriguing structure—magnetism correlation, as the superdegeneracy is found to be a consequence of the
unique atomic arrangement and bond angles in the structure.

Introduction What distinguishes magnetic intermetallics from other mag-

Magnetic intermetallics have attracted a significant interest "€tiC_compounds such as magnetic insulators or organic/
recently because of their interesting physical phenofiéna °rganometallic molecular magnets is that their complicated
associated with itinerant electron magnetism. Itinerant electron Ponding patterns generally hinder us franpriori prediction
magnets (or simply “metallic magnets”) show a metallic of their magnetic properties to the same level of details without
conductivity and exhibit (usually) localized magnetic moments €mploying first-principle electronic band structure calculations.
whose magnetic interactions are mediated by conducting Nonetheless, one common starting point is that magnetic
electrons. Since the delocalized conducting electrons are alsaProperties of intermetallics are also determined by the electronic
responsible for the metallic conductivity, they play an essential bands near the Fermi level (called “frontier bands”) whose
role in spin-dependent electrical conductfod? That is, the feature is in turn governed by the chemical structure and bonding
electrical transport process can be affected by the magnetic statesf the compounds. In the continuous energy structure of
of the compounds which can be manipulated in turn by external intermetallics, each energy level is doubly occupied up to the
input such as the changes in applied magnetic field strength, Fermi level, when the electron repulsion between the paired
temperature, or pressure. What is relevant to chemists is thatelectrons is small compared to the energy stabilization gained
those delocalized electrons are also responsible to the chemicaby the double occupation. Under a certain circumstance
bonding and structural stabilization of the intermetallics, and described later, however, the electron repulsion becomes strong
thus the magnetic intermetallics are an ideal playground in enough so that some of the frontier bands are singly occupied
exploring the effect of chemical bonding on itinerant electron as spin polarization takes place in the electronic struéttre.
magnetism. The consequent inequivalency in orbital shapes and energies

¥ European Synchrotron Radiation Facility (ESRF). ?n different spip channels provides a nonzero magqet?c moment

(1) De Groot, R. A.; Mueller, F. M.; Van Engen, P. G.; Buschow, K. H. J. in the magnetic state of the compound. In a simplistic and yet

Phys. Re. Lett 1983 50, 2024. ot ; ization i
2) Kitn. S-H. Seo. D-K.. Kremer. R. K. Kohler, J: Villesuzanne, A. quaqtltatlve model, such s_pontaneous spin polarization is
Whangbo, M.-H.Chem. Mater2005 17, 6338. predicted from th@onmagnetidand structure of a metal when

®) ,\B,l'gf‘esr‘_’hﬁ,r%;%%%eg% 'Zégf_“’e”ba"h’ F.;Zinn, hys. Re. B: Condens.  tna metal satisfies the Stoner conditioh] x DOSEs) > 1,

(4) Baibich, M. N.; Broto, J. M.; Fert, A.; Nguyen Van Dau, F.; Petroff, F.;  wherel and DOSEg) are the Stoner (exchange) parameter and
Eitenne, P.; Creuzet, G.; Friederich, A.; ChazelaBhys. Re. Lett 1988

61, 2472. the density of states (DOS) at the Fermi levEk)(in the
5) Miller, G. J.Chem. Soc. Re 2006 35, 799. i i 13
Eeg Stoner. E. CPIoa R, Soc. London A936 154 656. nonmagn_en_c state, respectivély13 The Stoner parameters are
(7) Stoner, E. CProc. R. Soc. London A938 165, 372. characteristic of atoms, and only D] reflects the electronic

(8) Rhodes, P.; Wohlharth, E. Proc. R. Soc. London A963 273 247.
(9) Kibler, J. Theory of ltinerant Electron Magnetisn©xford University

Press: New York, 2000. (11) Janak, J. FPhys. Re. B: Condens. Mater. Phy4977, 16, 255.
(10) Mohn, PMagnetism in the Solid State: An Introducti@pringer: Berlin, (12) Seo, D.-KJ. Chem. Phys2006 125, 154105.
2006. (13) Seo, D.-K.; Kim, S.-HSolid State Sci2007. In press.
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Table 1. Single-Crystal Data of Mn,Gas and Structure Refinement
Parameters

Table 2. Atomic Coordinates (x10% A) and Isotropic Equivalent
Displacement Parameters (x103 A2) for Mn,Gas

space groupZ P4/mbm(no. 127), 2 Wyck X y z Ueg?
formula weight 458.48

lattice parameters (A) a= 8.8590(8),c = 2.7094(5) 22(1) 42hd %70%20(3) 1785(3) 500(? 76((11))
Pealcd(g/cnP) 3.580 ;

2 (Mo Ko, cm-3) 65.1 Ga(2) 8i 2046(2) 635(2) 0 8(1)
R1, wR2 0.0408, 0.0902

aR1= SIIFy| — |Fdl, WR2= { T[W(F2 — F2)I/S[W(F)?} V2

@ Ueqis defined as a third of the trace of the orthogonalizgdensor.

Table 3. Selected Bond Distances (A) and Selected Bond Angles

nature of the metal and thus determines the possible occurrencédeg) in Mn,Gas

of spin polarization in the metal.
Among the intermetallics containing transition metals such
as Mn, Fe, or Co, p-metal-rich transition metal intermetallics

have been of our interest because they are positioned at an

extreme of the bonding spectrum. Because of their chemical
composition with excess p-metal atoms, the structures of
p-metal-rich transition metal intermetallics exhibit encapsulated
transition metal atoms surrounded by a p-metal network. In such
a coordination environment, the transition-metal d-orbitals must
extensively participate in chemical bond formation and hence
optimization of atomic arrangements in structure. Certainly,
chemical bonding, delocalized or localized, favors electron
pairing, which by definition prevents formation of a spontaneous
magnetic moment. This is the familiar case of most p-metal-
rich transition-metal intermetallics such as Mn@EdnAlg, and
MnAl 12, VAI 10, CrGa, MngGapy7.4Zn136 FeGa, C02A|5, Cop-

Alg, NiAl3, and CuFeAly as well as many quasicrystals and
their approximant3?—21 The observed structurénmagnetism
correlation does fit well with the Stoner condition; as the

bonding and antibonding bands become stabilized and desta-for the studies of its magnetism. More critically

bilized, respectively, through bonding optimization, the DOS
depletes at the Fermi level. Upon such relatively strong bonding
optimization, the resulting small DOE{) does not satisfy the

bond distance (A) angle (deg)

Ga(1)-Mn 2.611(3)x 4 Ga(1l>Mn—Ga(1) 62.51(8)

Ga(1)-Ga(2) 2.677(2x 4 Ga(2-Mn—Ga(2) 60.98(7)

Ga(ly-Ga(l) 2.709(1)x 2 Ga(2y-Mn—Ga(2) 60.98(7)
Ga(2y-Mn—Ga(2) 59.31(5)

Ga(2)-Mn 2.670(3)x 2 Ga(2-Mn—Ga(2) 59.31(5)

Ga(2y-Mn 2.738(2)x 2

Ga(2y-Ga(2) 2.683(3) 2

Ga(2)-Ga(2) 2.709(1)x 2

Ga(2)-Ga(2) 2.906(4)x 2

Mn—Ga(1) 2.611(3)x 2

Mn—Ga(2) 2.670(3x 4

Mn—Ga(2) 2.738(2)x 4

Mn—Mn 2.709(1)x 2

by Ga and hence are likely well surrounded by Ga atoms.
Reportedly, the compound is isostructural toJMgs in which

Mn atoms are sandwiched by two Hg pentagonal rings as is
the Fe atom in the ferrocene molecule with the eclipsed
geometry. However, the single-crystal structure of the®/bs

has not been available yet for the details of the structure and
the reported
magnetism of the MgGa; was in fact from a significantly Mn-
deficient sample, MngsGas (Tc = 521 K), indicating a possible
phase widtt3 but the existence of a stoichiometric compound

Stoner condition, and hence, the compounds are nonmagnetiqtself has to be confirmed

or weakly magnetic at best.

The title compound, M§Gas, is quite intriguing in this regard,
as it is known to show a strong ferromagnetism even at room
temperature and exhibits a magnetic moment of LgZBin
based on neutron diffraction studi®=3In fact, the gallide is
the only ferromagnetic compound that is thermodynamically
stable in the MA-Ga binary system. The known Mn-richer
compounds are either ferrimagnetic or antiferromagnetic, except
the metastable)-MnGal4~16 Both of other known Ga-rich
compounds, MnGgand MnGa, are Pauli-paramagnetic, being
consistent with the aforementioned behavior of the p-metal-
rich transition metal intermetallics. While the Mbas is located
at the Mn-richer side in comparison to the other Ga-rich phase
such as MnGaand MnGg, the atomic ratio in its composition
clearly indicates that Mn atoms are significantly outhnumbered

(14) Matsui, T.; Suzuki, M.; Morii, K.; Nakayama, Y. Appl. Phys1993 73.
6683.

(15) Yang, Z.; Li, J.; W, D.-S.; Zhang, K.; Xie, XJ. Magn. Magn. Mater.
1998 182 369.

(16) Gourdon, O.; Miller, G. JJ. Solid State Chen2003 173 137.

(17) De Laissardies, G. T.; Nguyen Manh, D.; Magaud, L.; Julien, J. P.; Cyrot-
Lackmann, F.; Mayou, DPhys. Re. B: Condens. Mater. Phy4995 52,
7920.

(18) Haussermann, U.; Viklund, P.; Svensson, C.; Eriksson, S.; Berastegui, P.;
Lidin, S. Angew. Chem., Int. EA999 38, 488.

(19) Janot, C.Quasicrystals: A Primer2nd Ed.; Oxford University Press:
Oxford, UK, 1994.

(20) Wu, L.-M.; Seo, D.-KJ. Am. Chem. So@004 126, 4398.

(21) Blandin, A.; Friedel, JJ. Phys. Rad1959 20, 160.

(22) Kitchingman, W. J.; Norman, P. |Acta Crystallogr 1972 B28 1311.

(23) Kitchingman, W. J.; Norman, P. . Appl. Cryst 1973 6, 240.

In our effort to elucidate the origin of the strong ferromag-
netism of the compound, we report the synthesis of stoichio-
metric MnGas, structural determination via single-crystal X-ray
crystallography, magnetic property measurements, and electronic
structure analysis through first-principle electronic band structure
calculations. On the basis of detailed electronic structure
analysis, a remarkable superdegeneracy is discovered near the
Fermi level in its electronic structure as the origin of the strong
ferromagnetism of the compound. The subsequent orbital
analysis shows a striking correlation between the chemical and
electronic structures that is responsible to the magnetism of the
Mn,Gas. Furthermore, the discovery establishes an important
connection of itinerant electron magnetism to other types of
magnetism, namely, the significance of nonbonding transition
metal orbitals.

Experimental Section

Synthesis. High purities of Ga (99.99%, Alfa Aesar) and Mn
(dendritic pieces, 99.98%, Alfa Aesar) were used. The Mn pieces were
cleaned by etching out the oxide layers on the surface in a HNO
solution (10 wt %). All the materials were handled in a nitrogen-filled
glove box with a 0.1 ppm oxygen level. Both self-flux and solid-state
methods were successful for the synthesis. In our self-flux dute,
appropriate amounts of Mn (0.2 g) and Ga (1.8 g) metals were loaded
into fused silica tubes, well-baked in vacuum, where crushed silica

(24) Bostfan, M.; Hovmdler, S.J. Solid State. Chen200Q 153 398.
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Figure 1. (a) [001] Projection view of the MiGas crystal structure and
(b) a MnGa pentagonal column running along tleaxis. Blue: Mn. 3
Orange: Ga. For convenience, the ¥Mn bonds are omitted.
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pieces were placed at the bottom as a filter supporter and a silica wool 5 |- :

was situated as a filter on the top of the crushed piét®s he fused :

silica tubes were then flame-sealed under vacusi@® Torr). The T .
sealed tubes were placed in a vertical furnace, heated &0 10 } 11 :'
h, and then radiatively cooled down to 500 where they were kept = ;
for 3 days. Afterward, the tubes were taken out from the furnace, and § f
the excess Ga liquid was filtered out immediately in a centrifuge at g 0
4000 rpm for several minutes. % ;
In the solid-state route, stoichiometric amounts of the elements were g
arc-melted in an argon-filled chamber with a zirconium oxygen-getter. §: T :
Our experiences indicated that 5% excess Mn should be added for a= :
stoichiometric product by compensating evaporation loss of Mn during oL :
the arc-melting. To ensure the homogeneity of the samples, the buttons ' (b)
were flipped over and then remelted several times. Then each button ! . . T
was placed in an evacuated and flame-sealed fused silica tube thatwa: 3L« . . . 1+ . . . . MR
heated at 500C for 10 days and then quenched in ice water. In an -10 -5 0 5 10
alternative route, slowing the cooling process only resulted in decom- Magpnetic Field (kOe)
position of the target compound during cooling. Figure 2. (a) Magnetization vs temperature Bt = 10 kOe and (b)

Powder X-ray diffraction studies of the bulk samples from both magnetization vs magnetic field @t= 5 K.
methods showed that the products were pure without impurities and
the Bragg reflections were well matched with the simulated powder packagé was used to integrate the reflection intensities. Total 1234
diffraction pattern from our single-crystal structure. Wave-dispersive reflections yielded in this process were merged into 95 independent
electron microprobe analysis was carried out with a JEOL 8600 reflections, out of which 90 had intensities greater tha(i)2 The data
superprobe equipped with a four-wavelength dispersive spectrometer.were initially corrected for absorption by using the SADABS routine
The obtained composition, MgsaGases@, also indicates that our in the SAINT subprogram. The space group was determined by using
samples were stoichiometric and the title compound does exist in athe XPREP subprogram in the SHELXTL software pack&géhe

stoichiometric form. initial model was obtained by the direct method. The full-matrix least-
Structural Determination and Magnetic Property Measurements. squares refinement converged at REF$.0%, wR2= 8.3% and GOF
A silvery crystal of a square disk shape (ca. 0:08.03 x 0.01 mnJ) = 1.49. The maximum and minimum residual peak and hole in the

was mounted on a fine glass rod with an epoxy glue and was transferredfinal AF map were 0.808 anet1.061 e-A~3, respectively. The refined

to a Bruker-AXS Smart APEX CCD-equipped X-ray diffractometer. parameters are consistent with those g&¥%, which is also isostructural

To check the crystal quality, a rotation photograph was first taken. to Mn;Hgs but closer to the title compound in the size of the
Diffraction data were collected at Z& with monochromated Mo & nonmagnetic atoms (Ga vs HYf)Some aspects of the data collection
radiation and were collected in a total of 1818 frames from three sets and refinement are listed in Table 1. The atomic positions and isotropic
of 0.3° scans inw at ¢ settings of 0, 120, and 24@vith the exposure equivalent displacement parameters are provided in Table 2. Important
time of 30 s per frame. The SAINT subprogram in the SMART software interatomic distances and bond angles in the structure are given in Table
3. Magnetic properties were characterized on well-ground black powder

(25) SMART Bruker AXS, Inc.: Madison, WI, 1996. samples with a Quantum Design MPMS SQUID magnetometer. The
g% Egtl;:rli_néTll;(B(r:u!(?:rhé?l?’én%:' g"ﬁ;&sgog' VI\_/|I §99Z7h-eng C.; Rogackil K magnetization was measuredHat= 10 kOe in the temperature range
Alloys Compd 2002 347, 72. I T " of 1.8— 800 K. A hysteresis curve was obtaineidsaK by sweeping

(28) Tank, R. \V/V Jeféefl,MO.; BPLIJrckfllalrdt._A-f;_ fPCFnderEen, ?T IK-||-1MTC_)-ASSA the magnetic field (1 1/2 cycles) from10 to 10 kOe.
%grgtra&”f;ﬁy '19%4_ ax-Planck-Institut fFestkaperforschung: - Stut- Electronic Structure Calculations. First-principle electronic band
(29) Barth, U.; Hedin, LJ. Phys 1972 5, 1629. structures for the MyGas were calculated with the tight-binding linear
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AFM-3 AFM-4

Figure 3. Four different AFM spin arrangements possible in the,®& structure. The unit cell is double along thexis to accommodate AFM spin
arrangements in that direction. The up and down arrows indicate spin polarization densities of the opposite signs on the Mn atoms.

muffin-tin orbital (TB-LMTO) and full-potential local orbital (FPLO) Hickel calculations, and the following atomic orbital energies and
methods by employing the local (spin) density approximation (L(S)- exponents were employed for the overlap integral calculatitins
DA). The TB-LMTO calculations were carried out within atomic sphere orbital energy,; = Slater exponent): Mn 3di; = —8.7 eV, {1 =
approximation (ASAY2 The von Barth-Hedin local exchange-correla- 5.15%, = 1.70%8 Ga 4p,H; = —6.75 eV, = 1.55%°

tion potentiad® was used for the L(S)DA, and the radial scalar relativistic

Dirac equation was solved for obtaining the partial waves. No empty Results and Discussion

spheres were necessary to achieve space filling. A total of 100 o . . .
irreducible k-points with a 6x 6 x 18 grid was used for Brillouin Structural Description and Magnetic Properties. Figure

zone integrations by the tetrahedron metfodThe basis set consisted 1a shows a [001] projection view of the tetragonal structure of
of Mn-4s/4p/3d and Ga-4s/4p/[4d] orbitals. The orbital in brackets was MN2Ga (space groupP4/mbm a = 8.8590(8) Ac=2.7094-
treated with the downfolding technigé&Self-consistency was achieved ~ (5) A, Z = 2). The structure exhibits a three-dimensional Ga
within the total energy change smaller tharr3@ydberg. network made up of two crystallographically different types of
The FPLO version 4 was used in our FPLO calculations. It employs Ga atoms. Although the two Ga sites are inequivalent, their
a hydrogen-like atomic orbital basis set that is numerically optimized chemical environments are similar with six Ga and four Mn
during the SCF proceduf® Perdew-Wang 92 parametrizatidhwas atoms as neighbors. All the Mn atoms are equivalent by
used for the L(S)DA exchange-correlation functional in the scalar symmetry and reside in pentagonal prisms, each formed by 10
relativistic calculation. The tetrahedron method was applied for the 55 atoms (two Ga(l) and eight Ga(2)). The bond distances
integration of Brillouin zone in 6< 6 x 8 grid. The basis sets employed between Mn and the neighboring Ga atoms range from 2.611

were Mn (4s, 4p, 3d) and Ga (4s, 4p, 3d) states. The lower-lying orbitals ~
of the atoms were treated with a frozen core approximation. Fixed spin t0 2.738 A and](Gc'_;t—Mn _Ga) l_)ond angles are from 59.3 to
62.5 along thec-axis, as listed in Table 3.

moment calculations and volume optimization were performed in the ) > ) )
same way. The three-dimensional Ga network is then constructed, first

Orbital overlap integrals between Mn¢dand Ga(4p in the by stacking the MnGg pentagonal prisms along tleeaxis so
extended Hokel approximatiof?*®were calculated using the CAESAR  that the prisms share their faces to form pentagonal columns,
program packag®.A weightedH; formula was used for the extended ~ MnGas (Figure 1b). Subsequently, the Mngaisms are aligned
in parallel and are fused together by sharing all the five side
edges with the neighbors, hence giving the formula,®hs.

(30) Andersen, O. K.; Jepsen, Qolid State Commuri971, 9, 1763.
(31) Blochl, P.; Jepsen, O.; Andersen, O. Rhys. Re. B: Condens. Mater.

Phys.1994 34, 16223. In the resulting three-dimensional structure, the Mn atoms form
(32) éﬁ%?{%%’g’g\%"zﬁég',‘f Andersen, O. Rhys. Re. B: Condens. Mater. 5 9.4.3.4 net in the ab-plane, resulting in a triangte
(33) é(gelpﬁlrglk, K.; Eschrig, HPhys. Re. B: Condens. Mater. Phy4999 guadrangle-pentagon net [(%-4-5)2(3-5:3:5)] of Ga atomg/%:4%
(34) Perdew, J. P.; Wang, WYhys. Re. B: Condens. Mater. Phy4.992 45,
13244. (38) Rytz, R.; Hoffmann, Rlnorg. Chem.1999 38, 1609.
(35) Hoffmann, RJ. Chem. Physl963 39, 1397. (39) Canadell, E.; Elsenstein, @rganometallics1984 3, 759.
(36) Whangbo, M.-H.; Hoffmann, R.; Woodward, R. Broc. R. SocLondon, (40) O'Keeffe, M.; Hyde, B. GCrystal Structures: |. Patterns and Symmetry
Ser. A1979 366, 23. Mineralogical Society of America, Washington: DC, 1996; pp 1632.
(37) Ren, J.; Liang, W.; Whangbo, M.-HCAESAR Prime-Color Software, (41) O’'Keeffe, M.; Hyde, B. GPhilos. Trans. R. Soc. London, Ser.188Q
Inc.: Raleigh, NC, 1998. 295 553.
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Table 4. Relative Energies AE (eV/F.U.) of Different Spin States
and (Average) Magnetic Moments M (ug) on Mn and Ga in Each
State of Mn,Gas Calculated by FPLO Calculations
magnetic state AE Myn Maa
nonmagnetic 0 0 0
FM —0.448 2.06 —0.08
AFM1 0.502 +0.55 ~0
AFM2 0.385 +1.87 ~0
AFM3 0.135 +1.81 ~0 2}
AFM4 0.105 +1.94 ~0 Q
40 ]
1 —— Total DOS
— Mn
304 —Ga

Energy (eV)

Figure 5. Total DOS and PDOS of Mn (gray area) of the )@ in the
ferromagnetic state calculated for the volume optimized structure using the
FPLO method. The Fermi level is set at 0 eV. Up-spin (majority-spin)
channel is shown in the upper panel and down-spin (minority-spin) is in
the lower panel.

n

"

DOS (/eV-UC)
]
o

10
I
: —— Mn-Mn
| ! ——Mn-Ga
— Ga-Ga
0 | ' I ' I ' i N I ' I ' I
-12 -8 -4 0 4 8 12
Energy (eV) 0
Figure 4. Total and projected DOS (PDOS) plots for the spin-unpolarized % 0 R
state from FPLO calculations. The dashed line indicates the Fermi level, O
Er. Black solid line: Total DOS. Red: Mn PDOS. Green: Ga projected 114
DOS. The Mn PDOS dominates on the total DOS nearBhe
24
Along thec-axis, all Mn (or Ga) atoms form one-dimensional -3
chains with a repeating distance of 2.71 A. The top and bottom 4 N‘
faces of the pentagonal prism are rather large and hence the ] A
Mn atoms are in a direct contact through the face openings 12 -8 4 0 4 8 12
along thec-axis. In theab-plane, however, the Mn atoms are Energy (eV)

well-separated from each other over 4.5 A, indicating a Figures. —COHP curves for the MaMn (red solid line), Mn-Ga (black),
strong one-dimensionality, as far as the chemical structure isand Ga-Ga (blue) interactions for the nonmagnetic state of the®4s
concerned. The dashed line indicates:.

Figure 2a shows the magnetization of the &8ss in the
temperature region from 1.8 to 600 K. The temperature region energy by 0.448 eV per formula unit in comparison to the
above 600 K did not show any noticeable change in the nonmagnetic state (Table 4). The Ga atoms are also spin-
magnetization up to 800 K, the maximum temperature in our polarized with a small magnetic moment in the direction
measurement. The onset of a ferromagnetic transition is foundopposite to the Mn magnetic moment. As shown in Figure 3,
at ~450 K, which is significantly lower than what was found four different types of antiferromagnetic (AFM) spin arrange-
for the Mn-deficient compoungt Below 450 K, the magnetic ~ ments were considered to compare their stabilities against the
moment gradually reaches 2.%& per formula unit as the  ferromagnetic state and the nonmagnetic state of the compound.
temperature decreases. In Figure 2b, the hysteresis loop fromit was found that all the AFM states have a higher energy than
the magnetization-vs-field measuremerits & shows that the the ferromagnetic state and even the nonmagnetic state (Table
compound is a soft magnet with zero remnant field and zero 4). Calculation of the magnetic coupling constants was attempted
coercivity. by assuming pairwise interactions, but no consistent values were

Total Energies and Energy Structure Analysis.The stabil- obtained, indicating that the magnetic exchange interactions are
ity of the ferromagnetic state against the nonmagnetic state waswell delocalized.
confirmed by the FPLO calculations through volume optimiza-  Figure 4 shows the total DOS and the projected DOSs
tion and fixed spin moment calculations. The optimum volume (PDOSSs) of the MgGas in @ nonmagnetic state. The calculated
was ca. 10% smaller than the experimental volume at room DOS(EF) of 1.4 states/eV per Mn per spin satisfies the Stoner
temperature. The fixed spin moment calculations at the opti- condition (- DOSEr) = 1.2 with| = 0.84 for Mn), and thus
mized volume showed that a ferromagnetic state with a net it is in agreement with the existence of the magnetic moment
magnetic moment of 3.72g per formula unit has the lowest  of the Mn atoms. In Figure 4, the total DOS curve shows a

1388 J. AM. CHEM. SOC. = VOL. 130, NO. 4, 2008
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N CR T DS

IS
1

Energy (eV)

4 4

-84

-12

r x M M

Figure 7. Energy dispersion curves of the nonmagnetic state of thgldycalculated for the volume optimized structure with the FPLO method. The first
Brillouin zone is shown on the right side with spedigboints denoted by their symbols.

sharp peak right above the Fermi level, which must cause thefor MNn—Mn shows a sharp negative peak near the Fermi level
unusually high DO3) for a p-metal-rich intermetallic com-  that corresponds to the sharp DOS peak in Figure 4, indicating
pound. The PDOS analysis indicates that the sharp peak as welthat the orbitals in that energy region are highly antibonding
as the surrounding energy region is almost entirely from the among Mn atoms.
Mn atoms and that the Ga atoms contribute more or less evenly The band dispersion curves are shown in Figure 7 for the
throughout the entire energy region. The estimated effective nonmagnetic state of the M@as. While the entangled curves
changes on Mn, Ga(1), and Ga(2) ar@.18,+0.13, and+0.06, reflect the complexity of the electronic structure of the
respectively, from the FPLO calculations ar®.13, +0.17, compound, a notable feature in the figure is that there exist
and-+0.03 from the LMTO results. In the ferromagnetic state remarkably flat and almost degenerate bands right above the
as shown in Figure 5, the sharp peak splits strongly in the up- Fermi level. Interestingly, the feature is retained only at the
spin and down-spin channels. The estimated exchange spittingk-points on thek, = 0 reciprocal plane, and hence we call it
energy {¢) is 1.7 eV between the sharp Mn peaks, and it is two-dimensional (2D)superdegeneracySuperdegeneracy, a
consistent with the fact that the energy bands in that region aresymmetry-driven degeneracy among all the crystal orbitals in
essentially from the Mn atoms, as the value holds well the the entire Brillouin zone, has been observed in the electronic
relationshipAe = [-m.9713 The calculated magnetic moment, structures of other compounds with a periodic structure, and
3.72 ug per formula unit, is rather large in comparison to the it has been attributed to unique atomic orbital phase
observed value of 2.7s. The overestimation of the magnetic  relationships that result in nonbonding character in the degener-
moment is rather unusual in LSDA calculation results in general. ate crystal orbital4® In particular, the superdegeneracy in
It may be due to the unique electronic structure of the partially filled z-bands is known to be responsible to the stable
compound, which will be described below in detail. The ferromagnetic state for some odd-alternant hydrocarbbt?s.
magnetic moments of individual atoms are given in Table 4. A Not to mention thepartial superdegeneracy only in a reciprocal
notable feature is a small but negative (i.e., opposite sign) plane in this case, the strong antibonding character in the
magnetic moment of Ga atoms. Such negative spin polarizationsuperdegenerate bands of §}&as is quite unique in contrast to
cannot be understood strictly from the Stoner theory in which the nonbonding character in other systems. Moreover, such a
the spin polarization density has uniformly the same direction superdegeneracy, either partial or not, is highly unlikely and
in real space. has not been reported yet in the band structures of intermetallics,
The bonding character of the energy bands were examinedbecause in those compounds, the orbital interactions are
for the nonmagnetic state by calculating the crystal orbital extensive and the atoms are well packed with high coordination
hamilton population { COHPs}? for Mn—Mn, Mn—Ga, and numbers.
Ga—Ga interactions. In Figure 6, the MiGa bonding is well In order to examine the nature of the superdegenerate bands,

optimized with all bonding bands below the Fermi level and
the antibonding bands above it. The -Gaa bonding is also

almost optimized as only a small portion of the bonding region
is not filled in the Ga network. Although not described here,

we first carried out a fat band analysis for the nonmagnetic state.
What is unusual is that among all the Mn valence orbitals, only
the 34, and 3¢, orbitals contribute to those bands, as shown

in Figure 8 where the band structure is zoomed in near the Fermi

our orbital analysis on the empty Ga network indicates that the level (the Cartesian axes, y, andz, are parallel to the-, b-,

optimal number of valence electrons persGa 18 (G&%),
and yet it may accommodate 423 valence electrons (@& —
Gal%") because of weak bonding/antibonding nature of the
bands near the optimal Fermi level. Meanwhile, th€ OHP

(42) Dronskowski, R.; Blohl, P.J. Phys. Chem1993 97, 8617.

and c-axes of the unit cell, respectively). Subsequently, a
relevant question is why these Mn,3dnd 3¢, orbitals keep
exactly the same amount of orbital interactions in all the crystal

(43) Hughbanks, TJ. Am. Chem. Sod 985 107, 6851.
(44) Hughbanks, T.; Kertesz, Mdol. Cryst. Liq. Cryst.1989 176, 115.
(45) Itoh, K.; Takui, T.Proc. Jpn. Acad., Ser. B004 80, 29.
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1.0

symmetry to give net zero orbital interactions and thus no
band dispersion (superdegeneracy). In addition, the Mn orbitals
interact in an antibonding way along tleaxis, in agreement
with the COHP curve in Figure 6. Meanwhile, lgt= 0.5c*
(Figure 9b), those orbitals are no longer orthogonal, and hence
the crystal orbitals will have different energies (band dispersion)
depending ork, andky. The situation is exactly the opposite
for the Ga off-plane orbitals; i.e., they are orthogonal with
the Mn orbitals ak, = 0.5c*, while they are nonorthogonal at
k,= 0.

However, a caution is necessary for the expected nonor-
thogonality in Figure 9c. Figure 10 shows the angular depen-
dence of the overlap integrab)(between the Mn 3d and Ga
4p, orbitals calculated with the extended ¢kel method. What

10 ~ is found is that the nodal property of those atomic orbitals causes

o x Mo T 2 RA M the Svalue to become zero &= 28.7 and 90. These angles
t’:h’g“r’] %g'ma':ggei%z;g?eggfz :ﬁ;b&%(: '_?Jzeb‘gr‘ig‘gnomgf ;eggnlg"aer':f rgmain the same no matter whz?\t orientation the Qmital ha;
contributed mainly from the Mn (3gand 3g)) orbitals. with respect to the Ga position (in other words, whichever linear
combination of the 3d and 34, orbitals interacts with the Ga
4p,). Remarkably@ in the Mn,Gas structure is found to be 26.7
in average, providing almost zero net interaction between the
fn and Ga orbitals in Figure 9c.

What can be concluded from the previous discussions is that

0.5+

0.0

Energy (eV)

-0.5 1

orbitals havingk, = 0, so that those crystal orbitals are
degenerate. To answer this question, we first consider the phas
relationships between the Mn ,3dand 3¢, orbitals and the

valence orbitals of the surrounding Ga atoms. Onlykip®ints .
in the reciprocal planes & = 0 and 0.8* are of interest. At € unique structure of the MGa; causes the Mn 3gland 3d,

thosek-points, the crystal orbitals must be either symmetric orbitals to have nonbo_nding interactions with surrounding _Ga
or antisymmetric with respect to the reflection planes ONlY for the crystal orbitals &, = O that happen to have their
perpendicular to the-axis. The symmetry requirement allows €nergies close to the Fermi level. As shown by the phase
us to classify those crystal orbitals into two different types: the relationships in a and c of Figure 9 as well as theOHP in

ones that are from the Ga-plane orbitals (4s, 4p and 4p) Figure 6, these crystal orbitals exhibit a strong antibonding
and the others from the Gaff-planeorbital (4p), in addition interaction among the Mn atoms along tbexis. However,
to the dominant contribution from the Mn 3dand 3¢, In this antibonding interaction does not cause any significant band

Figure 9a and b, we depict the phase relationships between thedispersion for the crystal orbitals and thus the superdegeneracy
Mn orbitals and the Ga in-plane orbitals for thevectors in can exist. This is because the magnitude of the—im

the k, = 0 and 0.5* planes, respectively. The orientation of antibonding interaction remains the same for all the crystal
the orbitals with respect to thab)-axis is not important, as it  orbitals atk, = 0 plane since they basically contain only the
does not change the symmetry property relevant to the reflectionMn contribution due to the zero interaction between the Mn
planes. In Figure 9a, the Mn and Ga orbitals are orthogonal by and Ga orbitals.

—Sx O

(a) (b) (c) (d)

Figure 9. Representative arrangements of Mn3or d,;) with respect to Ga orbitals. (a) Ga in-plane orbital&at Oc* and (b) k; = c*/2, and (c) Ga
off-plane orbitals ak, = Oc* and (d) k, = c*/2.
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\ hydrocarbons in that spin polarization takes place in their
0.10+ partially filled nonbonding (or weakly interacting) orbitals.
However, the difference is clear: on the contrary to the other

. 0 magnetic systems, the (super)degeneracy survives only in a
@ 0.054 - localized region of the Brillouin zone in the case of theMn

g Gas, while the band structure in other region fully reflects the

g 0.00 \ , R complicated nature of the chemical bonding in the @&

a structure. The MAa-Mn antibonding nature of the superdegen-

?2 0 (degree) erate bands is quite curious since such bonding character has
& 005 been conjectured to cause the ferromagnetfsth While a

detailed theoretical work is awaited, the antibonding conjecture
can be understood based on the recently developed spin
0104 polarization perturbational orbital thed?yby noting that an
antiferromagnetic spin polarization is not favorable when the

Figure 10. Angular dependence of orbital overlap integral between Mn  frontier crystal orbitals have the same phase relationship among
3d,; and Ga 4pcalculated with the extended kel method. The distance magnetic atom48
between the atoms is fixed at the averaged bond led@tim—Ga)= 2.685 9 ’
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