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Electronic structures of antiperovskite superconductors MgXNi; (X=B, C, and N)
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We have investigated electronic structures of a newly discovered antiperovskite superconductog BgCNi
related compounds MgBRliand MgNNk. In MgCNis, a peak of very narrow and high density of states is
located just below the Fermi level, which corresponds torttieantibonding state of Ni @ and C 2 but with
the predominant Ni 8 character. The prominent nesting feature is observed ith'tbentered electron Fermi
surface of an octahedron-cage-like shape that originates from the 19th band. The estimated superconducting
parameters are in reasonable agreement with experiment, suggesting that the superconductivity inis1gCNi
described properly by the conventional BCS phonon mechanism.
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Recently, Heet al! have discovered a new intermetallic octahedron cage in contrast to the ordinary perovskite
superconductor MgCNiwith the transition temperature of structure® Without C located at the center of cubic cell,
T.~8 K, which has the antiperovskite structure. Because itMgNi3 is a simple ordered intermetallic compound with the
has a large proportion of Ni per unit cell, it is thought that theface-centered-cubic structure (£w-type). Without C, the
magnetic fluctuation would be important for its supercon-Ni 3d band in MgN} is very narrow, leading to a magnetic
ducting behavior. This system is reminiscent of another Ni-ground state with Ni magnetic moment of 0x43.1° By in-
based superconductoRNi,B,C (R=Y, Tm, Er, Ho, and serting C, two carbons become nearest neighbors of Ni, and
Lu).2~* The band calculations indicate that a very large ancthus it is expected that Ni®®and C 2 electrons are strongly
narrow peak of mainly the Ni @ character is located just hybridized. Indeed, the LDAU (U: Coulomb correlation
below the Fermi energ¥g in the density of state$DOS)  parameter band calculation for MgCNi with U=5 eV
curve®® The behavior of the upper critical field,(T) can  yields essentially the same electronic structure as that of the
be well fitted with the conventional BCS expression, LDA, indicating that the correlation effect of NidBelectrons
whereas the zero-bias conductance peak observed Below is not so important® It is because of their delocalized nature
has been interpreted as indicating a mewave due to strong hybridization between Nd&nd C 2% states.
superconductdt. The band structure of MgChlialong the symmetry lines

With Cu doping(electron dopingon the Ni site,T. de-  of the simple cubic Brillouin zonéBZ) is shown in Fig. 1.
creases systematically, but with Co dopiihgle doping, the  The band near- 12 eV corresponds to Cs2states which is
superconductivity disappears abruptly for doping of onlynot shown in Fig. 1, while the dispersive bands between
1%? In the case of Co doping, there is no evidence that the-7 eV and—4 eV are mostly due to C 2 states. Only
quenching of superconductivity is related to magnetism. Furtwo bands(the 18th and 19th bangswvhich have mainly Ni
thermore, it is observed that the superconductivity of3d character, cut the Fermi level. These two bands are con-
MgC,Ni; is sensitive to the content of C; it disappears infined betweerr-0.5 eV and 1.0 eV, and the number of avail-
betweernx=0.96—0.90" able states in these bands are about four. These bands are

To understand the mechanism of the superconductivity imlmost half-filled: only two electron states are occupied.
MgCNi;, we have investigated systematically electronicHence, in the rigid band scheme, small electron or hole dop-
structures of MXNi; (X=B, C, and N, which have differ- ing will produce the conduction carriers with the 18th and
ent numbers of valence electrons, but have similar banthe 19th band character. The 18th band is relatively flatter
structures. Using the linearized muffin-tin orbitdIMTO)  than the 19th band, and so the Ni 8haracter is stronger in
band method in the local density approximati@iA), we  the 18th band.
have obtained band structures, DOS's, and Fermi surfaces, The total and atomic site projected local DOS of MggNi
and discussed the bonding characters. Muffin-tin orbitals ujare provided in Fig. 2. The overall shape of the total DOS is
to d states for Mg, C, and up tistates for Ni are included in similar to those of Haywardetal® and Dugdale and
the LMTO band calculations. We have also estimated supedarlborgtf’ The peaks near7 eV and 4 eV correspond ®
conducting parameters based on the rigid-ion approximatiorbonding ands* antibonding states, respectively, of Nd 3

We have considered cubic MgCNivith the lattice con- and C 2 states. On the other hand, the peaks nedr eV
stant ofa=3.81 A (Ref. 1) and employed the atomic sphere correspond tar bonding states of Ni@ and C 2 electrons.
radii of 3.20, 1.54, and 2.49 A for Mg, C, and Ni, respec- The 7* antibonding states are located just belBw, yield-
tively. The same structural parameters are used for aling the high DOS aEf of N(Eg)=5.34 states/eV. The con-
MgXNi;. MgCNi; has the cubic antiperovskite structure: tribution of Ni 3d states to the DOS &g is as much as 76%.
Mg at(0 00, C at(0.50.5 0.5, and Ni at(0.50.50, (0.50 A small amount of C p states are mixed with Nid states.
0.5), and(0 0.5 0.5. Itis called as an antiperovskite structure  Because the peak located80 meV belowEg is very
because the transition metals are located at the corners of thégh and narrow, this system is expected to be unstable by
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FIG. 1. Band structure of MgCRllialong the symmetry lines of 2
the simple cubic BZ.
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small hole doping. The Stoner exchange enhancement pa- -14 -12 -10 -8 -6 -4 -2
rameterS, defined asS=N(Eg)lyxc with Iy denoting the ENERGY (eV)
Intra-atomic ex_change-_correlatlon Integral_, '_S 0-64_- Thus, FIG. 2. The total and atomic site projected local DOS of
small hole doping will induce the magnetic instability. In- ygcni,.
deed the filling of holes in a rigid band scheme produces the
magnetic instability. That is, replacing Ni by a virtual atom ¢ase of the 18th band. It is because of its more dispersive
with atomic number 27.98orresponding to Co 7% doping pand character

; 0 i - . . .

yields the Stoner parameter larger than® This feature, ~ Most notable in Fig. &) is the prominent nesting feature
however, is not consistent with the recent report that there i8long the[110] direction in theT-centered Fermi surface
no evidence of long range magnetic ordering in the case Qfith the square-like shape. Especially, with a 140 meV up-

. 5 . . . .
Co doping: This point will be discussed further below. ward shift of E corresponding to the-0.4 electron doping
Figure 3 presents the Fermi surfaces of the 18th and 19th

bands and their changes by shifting the Fermi level orathe
plane k,=0) in the BZ. The 18th band gives rise to a
X-centered hole surface at each cubic face and small hole
pockets along th¢l111] directions which are not shown in
Fig. 3(@). With increasing the Fermi leveklectron doping

the areas of these hole Fermi surfaces decrease, reducin®
N(Eg). In contrast, with decreasing the Fermi levé@ble
doping, the Fermi surface areas increase, enhanhiiftgg).
When decreasing the Fermi level further below the DOS | .-,
peak, the crossing of each hole surface occurs, converting i |/
to I'-centered circular electron surface on tie plane and ™
decreasing the Fermi surface. On the other hand, the 19th

X M
, ks

X
(b)

X
(a)
band yields an octahedron-cage-like electron surface cen- g 3. The Fermi surface changes of the 1@thand the 19th
ftereq atl” which appears as square on Higplane as shown  pand(b) by shifting the Fermi level on thie,=0 plane in the BZ.
in Fig. 3(b), and additional narrow electron surfaces alonggach surface is drawn with the Fermi level shifts dEg=140
the BZ edges which appear a&4-centered small pockets. (dashed, 70 (dotted, 0, — 70 (dot-dashe) and— 140 meV/(long-

With varying the Fermi level position, the 19th band shows adashedl relative to the originaEg. The solid line represents the
rather small change in the Fermi surface, as compared to theermi surface of the undoped case.
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effect, the Fermi surface becomes exactly matching with
zone boundary to show a perfect nesting featline fact,
this is contrary to the report by Dugdale and Jarlbdoveho
have claimed that there is no obvious nesting feature in the 15
Fermi surface of the 19th band. The detailed shapes of the
Fermi surfaces are very sensitive to the position of the Fermi 10
level, because of the very sharp DOS peak igarPresum-
ably the difference between these two results arises from the
different band parameters employed in the LMTO band cal-
culations, such as atomic radii, numberlopoints, energy
parameters, and so dfln any case, the present result re-
veals that the system is in the vicinity of the Fermi surface %15
nesting, if not complete in undoped MgGNi k3

It is well known that the system with the Fermi surface ¢,
nesting can be strongly correlated with various instabilities: & 19
the structural transitiothe charge density wave instability [S
or the spin density wave instability. It is thus expected that:
the electron doping of MgCNiwould be susceptible to one ¢ 3
of the above instabilities. Based on this nesting feature, one*
could account for the experimental observation that the soluf
bility of Cu is limited only up to~3%, while that of Co is %
much extensivé.Note, however, that any evidence of mag- 815
netic or structural transition has not been reported®y@t.
This aspect remains to be resolved. We have shown abov
that the hole doping in a rigid band scherfwrtual atom
approximation produces the magnetic instability, which
seems to be contrary to the observation. Hence we have pe 5 4
formed the supercell calculations for ordered Mgg&NCo, i J\/\
(x=0.25, 0.5, and 1)0assuming the same structural param- 0 . . \ {
eter as in MgCNj. Different from the case of the virtual -2 0 2
atom approximation, the supercell calculations yield no mag- ENERGY (eV)
netic instabilitiesl® in agreement with the experiment. This
suggests that the simple rigid band scheme may not work
well in the case of Ni site doping. Rather, Mg site doping
will be better to reveal the perfect nesting feature, becaus
the contribution of Mg states to the DOSE&¢ is negligible
as compared to those of Ni and C states.

20

3 0
(7]

10 MgNNi3 4

FIG. 4. Density of states of M¢Ni; (X=B, C, and N.

%educed to 3.63 states/eV. The contribution of the 18th band
to the DOS akE is almost negligible and the Fermi surface
of the 19th band, which gives the main contribution to the

To explore the doping effect with varying the number of DO\E art]EF’ is cTan%ed toa ho(lje sgrface. . M
valence electrons, we have investigated electronic structures € have explored supercon uct_mg properties oviNgs
of MgXNiz (X=B, C, and N. Figure 4 provides the DOS's based on the rigid-ion approximatidh\We have estimated

1 ) . H . 2 2

for MgXNis. It is seen that the effect of changidgs mainly ~ the superconducting parametgr,=N(Eg)(l;,), where(l7)
a variance of the Fermi level with respect to the DOS peakiS the average electron-ion interaction matrix element for the
even though the shape of DOS nd&ris perturbed a little  th ion. Table Il provides the calculated, for each
bit. MgXNis. It is seen that the contribution of Nid3states to

The B 2p state in MgBNj is located higher in energy the superconductivity is most important ang; is the largest
than the C  state of MgCNj, and so the hybridization with for MgCNis. This is consistent with the observed trend that
Ni 3d is stronger. Hence the band is more dispersive anoth the electron and hole dopings on MggNuppress the
accordingly the DOS peak becomes smeared. Although thguperconductivity. By increasing the atomic number from B,
Fermi level in MgBN is located very close to the DOS Cto N, the contribution oK 2p stateszy increases. Due to
peak, the DOS aEr, N(Ep)=4.79 states/eV, is compa- light ionic masses oX, even the small increase ipy affects
rable toN(Eg) =5.34 states/eV of MgCNi(Table ). Hence _ _
the magnetic instability does not occur either in MgBMis TABLE I. T_he calculated total and partial DOS B¢ (in states/
described before, the effective hole doping in Mggion-  €¥) for MaXNiz (X=B, C, and N.
verts the hole Fermi surface of the 18th band to an electron
Fermi surface, and the electron surface of the 19th band is

N(Edmg  N(Epx  N(Epni  N(ERow

reduced smaller. In MgNNj the N 2p state is located a bit MgBNi, 0.38 0.18 1.41 4.79
lower in energy than the C2state of MgCNi, yielding  MgCNi, 0.22 0.42 1.57 5.34
reduced bandwidths of both the 18th and the 19th band. BXIgNNi, 0.11 0.34 1.06 3.63

the effective electron doping in MgNRlithe DOS atEg is
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TABLE II. Comparison of 7, (eV/A?) and \p, for ©p  choice of largel®,=400 K, one obtaina ,,=0.77 andT,

=300 K and 400 K. =11 K, which are in reasonable agreement with experi-

ment. Moreover, in view of the rather large Stoner parameter

g x N Apn (300K) - Nph (400 K) in MgCNiz, one may have to take into account the spin-

MgBNi;  0.00 022 0.67 0.67 0.38 ﬂ“Ct“t;‘“O” ec‘;fﬁcgro”fthe Slup’.:"rcloré‘.j“‘:t'tﬂg pro.pilrty'tor:.e can
MgCNi, 000 048 136 136 0.77 use the modifiedr, formula including the spin-fluctuation

parameteiug, in the McMillan’s form2® Indeed, when con-
sidering smallug,=0.1, we have obtained much reduced
T.=11.5 Keven in the case @,=300 K. These estima-
tions suggest that the superconductivity in this system can be
the superconducting property substantially. Therefore, the efjescribed properly by the conventional phonon mechanism.
fectively electron doped system MgNj\ionce synthesized However, for more precise estimations Xf, and T, de-
successfully in the antiperovskite structure, would have &ajled information on the phonon spectra is required.
comparableT; to MgCNis. _ In conclusion, we have investigated electronic structures
One can evaluate the electron-phonon coupling constandf the nonoxide antiperovskite superconductor MggNhe
Npn by using the McMillan's formul® Ny, z* antibonding state of Ni @ and C 20 is formed neaEr
=3 ,7,/M{2), whereM,, is an ionic mass andw’) i with the mainly Ni & character. The Fermi surfaces are
the relevant phonon frequency. Since there has been no itomposed of two bands. The topology of hole Fermi surfaces
formation on the relevant phonons, we instead use the avegoming from the 18th band is sensitively modified by the
age phonon frequendyw®)~03/2, where®y, is the Debye  variance of the Fermi level position. The electron surface of
temperature. However, even the value®yf is not available. the 19th band with an octahedron-cage shape tends to induce
Albeit very crude, one can estimaf®, from the specific the Fermi surface nesting. By comparison of the DOS's for
heat datd: ~300 K from the graph o€/T vs T2. Using this MgXNi; (X=B, C, and N, the doping effects are discussed.
information for MgCN, one obtains. ,,=1.36, and then the = The estimation ok ,, and T based on the rigid-ion approxi-
McMillan’s T, formula with an effective electron-electron mation suggests that the superconductivity of MggLiNide-
interaction parametep* =0.13 gives rise toT.=23 K.  scribed well by the conventional BCS phonon mechanism.
These values seem to be too large, as compared to experi-
mentalT; and the estimatedl,,~0.8 from the specific heat This work was supported by the KOSEF through the
data® Note, however, that ,, strongly depends on the choice eSSC at POSTECH and in part by the BK21 Project. Helpful
of the Debye temperature. As shown in Table II, with adiscussions with N.H. Hur are greatly appreciated.

MgNNij 0.00 0.58 0.87 1.07 0.60
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