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Electronic structure of ZnCNi 4
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According to a recent report by Pasdt al, ZnCNi; is isostructural and isovalent to the superconducting
(T.~8 K) antiperovskite, MgCNj, but shows no indication of a superconducting transition down to 2 K. A
comparison of calculated electronic structures shows that the main features of Mg@HNicularly the van
Hove singularity near the Fermi ener@;), are preserved in ZnChiThus, the reported lack of supercon-
ductivity in ZnCNj is not explainable in terms of, being driven to a very low value by a small Fermi level
density of states. We propose that the lack of superconductivity, the small value of the linear specific heat
coefficienty and the discrepancy between theoretical and experimental lattice constants can all be explained if
the material is assumed to be a C-deficierZrCNi; similar to the analogous nonsuperconducting phase of
MgCNis.
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[. INTRODUCTION shown to be absent. Because the reported lattice constants
differ by 4%, we calculate the theoretical equilibrium lattice
The appearance of superconductiVityear 8 K in the constants and explore the effects of pressure on the elec-
Ni-rich perovskite, MgCNj, has stimulated much interest tronic structure of each material. We find that discrepancies
not only because it is unusual in a compound that is primawhen compared to MgCHNiin DOS, in lattice constant, and
rily Ni, but because the exact nature of the superconductingn observations of superconductivity can be understood if the
state and its microscopic origins are still being debated. Likeeported ZnCNj samples are C-deficient phase as are
another unusual superconductor, MgRB has so far resisted MgCNi; samples with C deficiency.
efforts to increase the critical temperature significantly by
chemical substitution. Both Cu and Co doping on the Ni site
reduce the critical temperatu(é,), predictably due to band Il. CALCULATIONAL METHODS AND ELECTRONIC
effects(electron dopingin the former case and possibly due STRUCTURE
to spin fluctuations in the latté® The transition temperature
can be raised by 1 K through Ni-site do ith Fe, but ; X
this temperatureyoccurs in %/IgQMFq( witﬁ?gzo.OS, and bPut with the oxygen atoms on the faces replaced by Ni at-
any further doping again reduc@s. Mg deficiencies or ex- °MS: As Zn and Mg both have a formal valency df, 2
cesses have some effect on the sharpness and onset of fHECNis is isovalent as well as isostructural with MgGNi
superconducting transition, but the optimal composition stillboth residing in space group 22Bm3n). Calculations were
resultd> in a maximumT, of 8 K. The superconductivity of carried out usingwien2k’ a full-potential, augmented plane
MgCNi; seems most sensitive to the carbon site occupancyvave + local-orbital APW+lo) method, and with the local
Boron doping on the carbon stteeducesT, for relative B/C ~ density approximation of Perdew and W&ngo the
concentrations of up to 0.07 and eliminates superconductivexchange-correlation potential. The density is well con-
ity for any greater concentration. Mgi; with x<<1.0 re-  verged with 816 k-pts in the irreducible Brillouin zone. The
mains a cubic perovskite but undergoes an isostructuraphere radii used were 2.1 a.u. for Zn/Mg, and 1.72 a.u. for
transitiort® to a smaller volumex phase that no longer su- both C and Ni; Rkmax was set to 7.00 resulting-#600
perconducts. APWs and 50 local orbitals. The experimental lattice con-
Recently the synthesis of ZnCNhas been reported by stants were used in the initial calculations for both MggNi
Parket al® Since ZnCNj is very similar to MgCNj struc-  (a=3.81 A) and ZnCNj (a=3.66 A). Compression and ex-
turally, and(as we will show electronically, the lack of a pansion percentages are given in terms of these experimental
superconducting transition down to 2 K is quite unexpectedvalues.
Understanding why superconductivity is seen in one com- The electronic structure of MgCNihas been presented
pound but not the other could be important in resolving repreviously by several grougs? The dominant feature is a
maining questions about the unusual behavior of MgCNi remarkable, sharp van Hove singularity 65 meV belGyy
The experimental data suggeshat a strongly depressed which was traced to an extremely flat band around Nhe
density of state¢DOS) (compared to MgCN) at the Fermi  point (=(1,1,0/a) of the Brillouin zone. The electronic
level (Er) could be responsible for pushing the transitionstructure of ZnCNj is very similar to that of MgCNi The
temperature of ZnCNibelow 2 K. The results of a careful sharp peak just below the Fermi energy is still dominant,
comparison of the electronic structure of the two compoundshough it is shifted slightly downward in energy by approxi-
are presented here, and the required lowering of the DOS imately 30 meV and has broadened somew(fég. 1, top

ZnCNij has the typical ABQ cubic perovskite structure,
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. — —that of ZnCNj is smaller than the calculated value.
0.2 -0.1 0 0.1 0.2 than this. A calculation of ZnCNiat the experimental lattice
Energy (eV) constant of MgCNj shows, however, that the differences in

the electronic structures of the two compounds are due to
more than simply volumgSee bottom panel of Fig. IThe
probable source of the small differences in electronic struc-
ture is residual hybridization of Ni-and Znp orbitals. As

FIG. 1. Top panel: ZnCNiand MgCN at their reported equi-
librium lattice constants. Middle panel: ZnC\at its own experi-
mental lattice constant and at that of MgGNThe effect of pres-

sure atE s small. Bottom panel: MgChjiand ZNCNs both at the the lattice is expanded the overlap between these orbitals
same Ia_ttlce constariteported value for MgCN). Differences in decreases, but does not disappear completely. By looking at
electronic structgre are larger than can be accounted for by pressuffe orbitally resolved character of the flatband, we have ob-
alone, though still small. served that the amount of Zm-character in ZnCNj al-
though minor(approximately 5% of the total DOS neBg),
pane). In both compounds, the Ni ions are twofold coordi- is larger by nearly a factor of 2 than the amount of g-
nated with their nearest neighbors, the coplanar C ions. Hyeharacter in MgCNi.
bridization between Mg/Zn and Ni ions is very small, con- The calculated equilibrium volume of ZnCNcompares
sistent with the very similar electronic structures of the twovery favorably with the reported value, the latter being
compounds. The dispersion created by the two-dimensiond).53% smaller by lattice constant. However, this result is
bonding of Nid and Cp orbitals is responsib?é? for the ~ Somewhat unusual in that the theoretical value is a_u_:tu_ally
nearly dispersionless band centered Mn In ZnCNi;, the larger than the _e>_<per|mental one. The_ calculated equilibrium
situation is much the same, but thp dtates of the Zn ions, Vvalue of MgCNg is 2% smaller in lattice constant than the
with which the Ni ions are fourfold coordinated, do partici- €XPerimental value. The discrepancy is in the more common
pate weakly in the bonding states near the Fermi energy. Thidirection, but slightly larger than usual. The two energy ver-

weak bonding is three dimensional, accounting for the>US volutmle CFNES arTehSht?VIVIP in g'gi’ 2, ?Igng %Va'tkh thet ex-
slightly increased dispersion around thepoint as well as perimental volumes. The bulk modulus of ZnGNaken at
the lowered energy of the DOS peak. the theoretical volume is 251 GPa, whereas that of MgCNi

The downward shift of the peak has the effect of reducin taken at its own theoretical volume is 214 GPa. The MgCNi

. ) Yesult is similar to that obtained through linearized muffin-tin
the DOS at the Fermi energi(0)], with respect to that of orbital calculations.Both these values are obtained by fitting

MgCNis, by about 1 eV, i.e., by about 20%. This decrease g Murnaghan equation of st&td¢o an energy versus vol-
relative to the Mg compound is much less than what is neCyme curve and extracting the bulk modulus through the re-
essary to account for the lack of superconductivity throughation: B=V42E/ V2. The smaller volume Zn compound is,
conventional Bardeen-Cooper-Schriefl@CS) theory (see  as expected, harder than the Mg compound when the calcu-
Sec. 11 B. lated equilibrium volumes are used. However, the bulk
moduli of these two compounds, calculated at their respec-
tive experimental volumes, differ by only 3.6%, with
MgCNis; beingharderthan ZnCNg. This is a consequence of
Expansion of the ZnCNilattice narrows the peak and finding the theoretical equilibrium value of ZnCNabove
brings it nearer the Fermi levéFig. 1 middle panglthat is,  the reported value, while that of MgCNis below the re-
expansion makes it more MgCNike. This has the effect of ported value.
raising the DOS at the Fermi energy, but the change is very
small even for fairly large expansions. In ZnGNan expan- B. Electron-phonon coupling
sion of ~12% by volume caused a change in the DOS of The empirical value quoted for the electron-phonon cou-
only 10%. MgCNi seems to be even slightlgsssensitive  pling constant,\, in MgCNi; depends on the method by

A. Pressure dependencies and bulk modulus
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which it is obtained. Using the size of the jump in specific preparation conditions and two different phases of the com-
heat at the superconducting transition and assuming wegtound emerge. The phase is carbon depleted, while tGe
coupling BCS behavior yields\=0.79. This method is ob- phase is nearly stoichiometricarbon occupancy is 0.96
viously unavailable for ZnCNisince no transition has yet Both « and 8 phases share the same cubic space group, but
been observed. The constantcan alternatively be derived the « phase lattice parameter is 1.3% smaller and, unlike the
by the more common method of comparing experimental ang@ phase, it does not superconduct. This is consistent with
theoretical results for the linear coefficieptfrom specific  previous studié$ which found thatT, decreases linearly

heat data with decreasing carbon concentration until eventually, at a
carbon occupancy of around 0.88—0.89, a multiphase region
. ; . ; o ;
Nz Yexp_ 1: = ——2N(0). (1) is reached in which bulk superconductivity no longer exists.
Yih 3 The reportedr phase occurred at an occupancy of 0.75 at the

carbon sit€, well within this multiphase region. Shast al 16
found that the specific heatwas 50% lower in thex phase
than in theB phase. Thax phase can then be distinguished
from the B phase in three important aspects: it does not su-
perconduct, it has a significantly smallgr and its equilib-
rium lattice constant is 1.3% smaller.

Most if not all of the evidence regarding ZnGNian be

. reconciled if we suppose that the phase reported by Btark
m = 0,
ZNCNi, due to the Smalle,,=6.77 reported less than 25% al. is a carbon deficientd-ZnCNis” phase corresponding to

of that of MgCN&. This unphysical result highlights the dis- a-MgCNi;. The electronic structure of the two compounds is

crepancy between experimental and theoretical COmparisong, " iia - hat it is reasonable to assume that carbon defi-

of these two compounds. Large differences in observed Sp%'iencies in the Zn structure would have much the same effect

gg'lét?iaélg?tt%rficc’:rg?rlﬂgg r\glthrc\)/egr/tizrga”rodéflji:ae?rﬁ:suIr? ﬁals_f'i‘s carbon deficiencies in the Mg structure. Assuming that the
prop P phy experimental results for this compound were taken froraan
cal value for\ (see Table)l

Furthermore, it is the ratio of the¢'s from the two differ- phqse of Z_nCN;i, al _discr_epancies _between theory a_nd ex
ent compoundé that stipulates that the DOS of the ngc:Niperlment discussed in this paper disappear. A 1.3% increase

sample must be significantly lower than that of MgGNi in the lattice parameter would result in the common situation
Park et alS use the definition in Eq(l) along with their in which the theoretical value is smaller than the experimen-

specific heat data to put an upper bound on the value of thtal one. If y is multiplied by a factor of 2, as it would be in

. _moving from ana to B phase, thex value calculated using
DOS of the Zn compound relative to that of the Mg com Eqg. (1) has a value of 0.42, eliminating the nonphysical
pound at the Fermi level

negative result. Previous electronic structure calculations
g Ny, ) show that in MgCNi, N(0) decreases dramatically as C con-
= ——2 (2 centration decreasé$resulting in suppression of the super-
N(0)zn(1 +Nz,) : » -
Yan Zn Zn conducting transition. Similar effects would be expected for
It is clear from this equation that(§), takes its greatest ZnCNis.
value when \;,=0. The ratio then vyields {0)z, Another striking difference in the data between the Zn and
=<0.41 N(O)yg- As mentioned above, there is no such largeMg based compounds is a sharply increased lattice stiffness
depression of the ZnCKHIDOS as compared to the MgCNi  ©®p. Even in the minimally doped alloy MgsZn, 1sCNis, an
DOS at the Fermi level. In fact, our calculated value ofincrease of 38% was observédor ® and in the fully Zn
N(0), exceeds the derived upper bound by almost a factopubstituted compound, the increase is 67¥he addition of
of 2. Zn in any concentration causes a volume contraction and a
concurrent hardening of phonon modes in general. In pure
MgCNis, the frequency of a very soft acoustic Ni-based pho-
Ill. DISCUSSION non mode is calculated in the harmonic approximation to

. : . , become negative along much of the-M direction of the
MgCNi; has now been studied fairly extensively, and wep, o |54in zone202! Anharmonic stabilization of this mode

revievl some results that may be relevant. According t0 Refagyits in observed dynamic displacements of the Ni ions
et al,” the carbon occupancy of MgCNis sensitive 0 normendicular to the Ni—C directidh.This “breathing” dis-
tortion allows each Ni ion to move away from its two C
TABLE I. Comparison of MgCNj and ZnCNg (experimental  neighbors and toward the empty interstitial site.al C defi-
values taken from Parket al). See text for discussion of unphysi- cjent compound, stress on the Ni ions would be partially
cal A value. relieved by vacancies, reducing the advantage of such distor-
tions and thereby increasir@p.

There is some variation in the reported valuesygy, for
MgCNi;. Some sourcé$'* place the value at around
29 mJ/mol K for the zero-field value, while othéfs!® cite
a higher value of about 33.5 mJ/moF KUsing this range of
values, we obtaim=1.5-1.75 for the Mg compound, in
agreement with previous results derived in this W&y.
However, using this methodology, a negativeresults for

(L+N\y

N(Oev?!  yepmd/mol K OpK? A
IV. CONCLUSIONS
MgCNij 5.003 29.50 255.9 1.5
ZNnCNi 4.049 6.77 4213  -0.29 From our calculations, stoichiometric ZnGNiand

MgCN; are very much alike in both structural and electronic
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properties. The experimental report of widely differing spe-be nonsuperconducting. Our results suggest that the lattice
cific heat data and the lack of superconductivity down to 2 Kconstant of stoichiometric ZnCHlis likely to be larger than
seems highly unusual in light of the close similarity of thesethat which is reportedprobably near 3.74 A and that a
two compounds. The rather large suppression of the DOS atepression of less than 20% in(0y occurs. In the crude
the Fermi energy required to interpret the experimental reapproximation that all other factors are constant, this depres-
sults using BCS theory fails to materialize from the calcula-sion would cause a reduction iR of ~50% compared to
tions. All results are in line with a ZnChliphase that is MgCNis, still well above the measured threshold of 2 K.
carbon deficient rather than stoichiometric. Carbon deficienThus, it seems likely that a truly stoichiometric ZnGNom-
MgCNi; is known to have a smaller volume than the stoi- pound would be superconducting at only a somewhat lower
chiometric compound, to have a strongly depresgeshd to  temperature than MgCHli
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