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Abstract

The earlier assumption of a common band of the valence electrons in carbides
(ACM phases) is replaced by an electron count distributing the valence electrons
on different bands. The count was used successfully in the binding anmalysis of
oxides and nitrides. Carbon gives its C2sp electrons into the ¢ correlation of
the peripheral closed noble gas shell of the cations. If energetically below
that shell there is a d or f shell, it may also take part in the c correlation
since these shells possess a high compliance to shift of electrons. Using these
assumptions an improved attribution of bonding types (bindings) to the observed
carbides may be established. The binding indicates electron correlations being
favourable for stability and allowing to assess also structural features. In
AICM, subcarbides or Lewis carbides are not to be expected, only supercarbides
become stable. A supercarbide "Kclﬁ“ is not feound because of the anisotropy of
the b correlation. Mng is heterotypic to Cacz.r conforming to the site number
rule for the c correlation. The subcarbide V,C.h has a low axial ratio caused
by the low electron offer, its stacking sequence is caused by electrodipoles in-
duced by the binding. The striking heterotypism Vzc.h-Cr23C6 is an indication
for the transition from a C to a B type of binding. Typical representatives of
this binding are contained in the Fe,C family. The basic phases of the compound
SiC are stabilized by an excitation of electrons from the b correlation causing
their observed stacking. The heterotypism Mn3GeC(U6.2.2)-Mn3A1C(C3.1.1) is

a consequence of the electron numbers.
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Introduction

The crystal structures of the two-component carbides (!—\CM phases) are generally
quite simple, but since the times of Higg 1931 only few energetical arguments
to explain the stability of the phases have emerged. Recently it has been shown
that a small number of simple assumptions (plural correlations model 835ch,
865ch) leads to new stability rules allowing to understand many crystal chemical
facts. The constitutional and structural data of ACM phases have been reviewed
by 34Sta,58Han,63Kie,63Now,645ch,67Go1,675ta,69Rud,70Par,71Eck, 71Now,71Tot,72
Now,72Pea,73Ho1,73Now, 78Mof ,84Ho1,85V41,86Mas. In an earlier attempt to find
energetical arguments in form of bonding types (bindings)for carbides (82Sch)
several bindings were correctly or nearly correctly found (for instance for
BeZC,TiC). but the electron count used turned out to be not quite satisfactory
50 that changes became necessary. In the following,an improved proposal for
the bindings in the carbides is presented. Once more it cannot be expected that
it never will be furthermore improved. When the understanding of bindings grows,
changes of proposals must occur, however, an improved proposal is freguently
homeotypic to the earlier one and may be considered as a kind of consequence of
the earlier proposal with respect to the new crystal chemical rules. The trial
and error process of binding analysis is rewarding since the results provide a
first insight into the causes of stability and suggest various problems for
later calculations. After much thinking on electron density in recent years the
consideration of electren pair density appears desirable. For symbols used in
the following analysis see 64,83,865ch.

Analysis

LiC(RbO,P2.2,Structure Reports 32.233) is a supercarbide, it has an orthorhombic
body centered (P) cell a with 2 atoms of each component in the primitive sub-
cell. The Li are in a site set of the cubic primitive type with one atom in the
cubic primitive cell (Lim), compressed in kS direction of the P cell, and obey-
ing the commensurability E=9C1(1’0"1;0’2’0;1’0’1)' C2 atom-couples directed
along 23 are placed in each second hexahedral hole so that LiC is homeotypic to
CaFZ with C2 in Ca sites and Li in F sites. LiC does not obey Lewis' rule of
compensation of electron spins in Cl by spins of Li. The mole fraction of a
Lewis phase N‘ =0.2 would be too small for stability. In the observed phases
having ﬂcm 2 (supercarbides), spins must be oompensated between the C atomsso
that Cz dumpbells are formed, described as (C= C) . The expected electron dis-
tances (83Sch) suggest the electron count Li 1200,4
numbers per cell, N,and the binding may be  a(N=4,24)=3.66;5.44:4.82R=b, (1:/2;
1/2)258(2;2/2;2/2). b is the cell of the correlation of the valence electrons of
Li, being of a (deformed) body centered cubic type (B), and (1, 2 1/2 is its

, so that the electron



commensurability matrix to the a cell in an abbreviated notation (83Sch). The
valence electrons of C, together with the core electrons of Li form the ¢ corre-
lation being also of the (deformed) B type. The deformation is caused by the
shape of ‘:2’ and the low occupation of ¢ with site number ﬁ’;§=32 Tets open
whether b is solved in ¢ so that a collective binding g:(EvE)BZ(l;/Z;/Z) is
formed. The full spin compensation, i.e. + spins are neighbouring to - spins,

is warranted by the B type of the correlation.

LiC.h(M  ,SR27.126) shall not be discussed here, and for LiCB,LiCm,LiC.Za
see 73Hol.

NaC(U8.8,5R22.220) is heterotypic to LiC, it has a tetragonal body centered
cell (U, with 8 atoms of each component in the primitive subcell) and a Na,:1
site set with 3=_qc1(2;4). The spin-coupled [I2 dumpbells have not all the same
direction. 3(E=16,192)=6.76;12.698=Ec(2;4)=55(4;7). The ¢ correlation provides
E’C'LZZQ sites per a cell so that b may be solved in ¢ and the binding may be
considered as collective _a_=(_l;°£)B(4;7). The odd commensurability element 7 ge-
nerates momentary dipole vectors in a, direction that may be the cause for the
variing direction of the t.‘2 dumpbells.

Nac54(HB.512,5R23.102,drw ibid) is an extreme super-carbide named a C.r
(graphite) compound,g=§c'r(4;8). After 8 graphite layers parallel to 2,3, with
32C per cell comes a Na layer with 4 Na per cell. From the bindings of C.r and
Na.g(c.r,Hd,§=16,8)=H2.46;6.703=EFH('/3;5.8/3)=5CH('}/3;11.5/3) and a(Na,B1,N=2,16)
:4.293=QB(1)=9_C(4) (825ch) follows that the EFH correlation of C.r and the <
correlation of Na may form a common Sry correlation in NaC64 when the distance
gc (Na) is strongly strained: 3(ﬂ=8,2112)=H9.82;SE.OOR=I_:>§H(1-,8/3)=EFH(1/48;48/3).
The strain of g{(Na) may be the reason for the observation that "Naca“ homeoty-
pic to KC8 does not become stable. Super nitrides and oxides with such a com-
position are not possible since the elements N and O form molecular structures.

KC(NaC.SR?_Z‘ZZO),_a-=7.58'.14.693, is isodesmic to NaC.

KCq(H4.32,5R18.339,drw ibid) contains alternating K and C layers parallel to
31:3pe A K-layer contributes 1K per a (atomic radius £K=2'36R dgl](t.r)=2.46g)
and a C layer 8C per a. The share in a of one K+C double layer is g'=H4.91:5.4lﬂ.
The c electrons of K and the valence electrons of C.r form the ¢ correlation of
KCq: ﬁ(ﬂ=4,160)=H4.91;21.64ﬂ=£)'"(1;4)=£H(1/12;15/1). The K Tayer with only 8 ¢
electrons allows an expansion of EFH of C.r to = of KCS. Since in KCB the num-
ber of ¢ layers per K+C layer is 3.75 the K-stacking cannot be of the Hl type
because of electro dipole vectors in a3 direction induced by the binding.

”Kcls"(SRE.lSl) has not been confirmed (SR18.338).

KCZQ(H2.48,SR18.339) is in equilibrium with KCg (54Rid) and contains two C
layers per K layer. Since the distance of K layers in 24 direction is now greater
than the distance of K atoms in the basal plane,the b correlation becomes more



- 2ib -~

anisotropic and therefore energetically unfavourable. To compensate far this
the K layer is more lopsely packed, isotypic (but not congruent) to the C lay-
ers, so that the C content per K is 16/0.66=24. The stacking of the K layers
was statistical for the applied thermal treatment 20h4000C(54RUd). It should
be conjectured that the order of the stacking may be improved by an appropriate
heat treatment. Using the experimental cell ‘5:H2.45;2(5.41+3.36)a the binding
becomes E(_le.33,43)=H2.45;17.54ﬂ=(§v£)FH(}/3:15/2) with an occupancy 0.98. The
nearly full occupation of bvc contributes another reason for the looser packing
of the K layers.

KCaG’KCt&s‘KCSO are homeotypic to KC8 and KC24(SR18.339)‘

Rbcg(KCS,SR18.339), 3@:4,160,40):}44.91;22»SSR:(E"E)UH(VH2;18/2). The expan-
sion of the EFH(C.r) layers appears to be somewhat weaker.
RbC24,RbC36,Rbcqa,RbCGO(SR18.339) are homeotypic to RbC
CsCg(KCg,SR2.181), E=H4.95;22.808 is isodesmic to RbC,.
Csczq(KC24171ECk), E=H4.95;18.55ﬂ is isodesmic to Rbcza'
CSC3G‘CSCQB’CSC60’ see 75Wel.
BeZC(CaFZ,FZ.l,SRB.ZO) is a brick-red Lewis phase, 5(ﬂ=32,24)=4.34R=EF(2)=
c(8) or a=(bve)c(4).

BeC,(73Hol).

M92C3(H16.24,5R11.75) is not completely solved, the binding will be tentative.
1(ﬁ=32,224)=H7.45;10.613=(Ev£)BH(l/12;24/3). The phase may be described as Mg,
((CZ)Z_)Z(CZ)Q_. A Lewis phase is not stable in MgCM and in the remaining homo-

8-

Tegic mictures, for the same reasons as in Ach.
MgCZ(ThCZ,T4.8,SR11.74) has a Mg[_.1 site set with C2 in octahedral holes.
3(g=s,54)=5.55;5.03R=gc(-/5;2)=50(¢20;4) or =(bvc).(¥2034). Spin compensation is

warranted by the C type.

CaCz.h(Fl.2,FeSZ.h?,SR26.87) 3:5.883, will be homeodesmic to CaCz.r.

CaCZ.r(U1.2,5R1.74O,drw 645ch.222) is homeotypic to NaCl with C2 along 23 in
Cl sites. g(ﬂ=4,32)=3.89;6.38H=§_E(1/2‘,2.25):5(:(1/8;4.5) or :(E'-E)C(;/B-.d,S). Con-
forming to the site number rule (86Sch) CaC,.r has Tess c sites than MgC,. b
means bve.

CaCZ.i?(ZB.lﬁ,SR27.117), discussion is postponed.

SrCZ.h(FESZ.h,SRQ.ISB), E:B.ZSE. hdm CaCz.h.

SrC,.r(CaC,,5R2.275), 5(3:4,32,20):4.12;5.693=(g'u5>)B(w/g-,a.:’;). The (b'vc),
correlation of CaCy.r is simply filled to a {b'ec! )g correlation. The smaller
influence of the f correlation explains the admissibility of a low occupancy.

BaC,.h(FeS,,5R9.136), a=6.57R, hdm CaCy.h.

BaC,.r(CaC,,5R2.275), a=4.41;707R, idn SrC,.r.

SCZC(FBA,HEck) is homeotypic to NaCl, i(§:96,320)=9.QR:(QVE'E)B(6). The

phase is a sub-carbide since its mole fraction %(0.43:3/7.



SC‘_‘CE(ThEPq,Bi’s.6,SR34.59,urw 64Sch.326) is a Lewis phase whith g:chl(Z) and Cl
in some of the octahedral holes. g(ﬂ:48,175)=7.ZIR:(Q‘\'E)C(B), the slight over-
filling of the binding may be avoided by statistical Sc and € lacunae suggested
by the comparatively small atomic volume.

ScC.h(NaCl,5R26.103), 3(5:12,48)=4.51R=(9'u5)c(4).

$cC.r(H10.10,5R23.81), g(g=36,144)=H5.46;10.24R=(g'vg)EH(J12;15/3). The cell
codtent of SR23.81 1is doubtful because of the commensurability to ScC.h, pro-
bably it is Hiz2.12.

SCISCIQ(TBD.JB,SRN‘5,drw 72Now) contains quadratic ch nets with (31,32)=
Sc_(¥5). These nets are only approximately stacked in F1 manner so that Sc.C

rctahedra and Sc602 octahedra (as in CaCZV) occur. a(N=%0,392)=7.50;15.00R=

(g'vg)c(;fao;m). It should be noted that the commensurability of (blvc)e to 3y,
2, is the same as in ScC.h. The commensurability element 13 causes the deviation
from the SCF stacking similarly as in the CulAu shear homeotypes (64Sch).

¥3C(Fe, N, SR22.184), 3(2&512,36,40):5.113:(9'»:5')FU(4;5.6). The advantage of
the binding as compared with that of YZC.h is, that it is undistorted.

Y2C.h(NaC1 ,SR34.60), _a_([l_=12,40,40)=5.12R=(_b‘v£']]‘j_u(4;5.8). The high tempera-
ture makes spin compensation unnecessary.

Yzc.r(Cdﬂz,RZ.1,5R34.61), 3(§=18,60,60)=H3.62;17.96ﬂ= E'H(¢3;8)=5'BH(1/3;42/3)
Curiously a Lewis-carbide (!j&=3/7=0.43) has not been reported in YC,.

YCZ(CaCZAr,SR22.185,23.81), E(ﬂ=6,32,20)=3.66;6.17R=(E'v_c_‘)B(-/S;IJS). The
electronic difference to CaCyr is expressed by a little difference in [azi/la;l

¥,C5.p(Rb,0,,5R48.85), g(ﬁ=48,224,160):8.23ﬂ=(§v5')3(6).

LayCq(Rby04,B8.12,5R22.186,drw 645ch.224), _a_(§_=48,224,160)=8.80ﬂ=(§v5')3(5),
the phase may be described as La4(C=C)3, and the lengthening of _d_cchas been ob-
served (73Hol).

LaCZ.h(F1.2,5R33.53), 3(12‘64‘40):(9"’5')8(4)'

LaCZ‘r(Cacz.r,SRSE\.Sa), E@:G,32.20)=4.00;6.588=(E‘u5‘)5(1/8;4.7}. Unlike Cat,
the phase LaC,.r is a conductor of electricity (73Hol).

TiZC(F8.4,6TGar) is a lacuna homeotype of NaCl. 9_(5:123,320)=8.SR. When the
binding 3=(g'v£)c(8) is assumed then it would be strongly under-occupied and it
might be that a "Ti,C.r" becomes stable at Tower temperatures.

TiC(NaC1,S5R1.74,19.87) is a Lewis phase, melts at 3420K and is an electric
conductor. Earlier for the electron count Tich the binding 3:2':(2) was assumed
(555ch), but the preferable count Ti**8c0+% yields the nomeotypic binding a(N=
16,48)=4.333=(E'u£)c(4), where b'= bve. It accounts for the high melting tem-
perature and for the slight shift of the range of homogeneity to mole fractions
&(0.5. The collective property that b'vc enters the binding is presumably sup-
ported by Ti3d and Ti3sp having the same main quantum number. Band calculations
(87Zhu) show that Ti3d and C2p are energetically close together, this also
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favours the collective binding. The high stability of TiC accounts for the
absence of a phase homeotypic to TiaN(hinding 88Sch).

TiCZ(C1.2,5R27.136) g:3.13ﬁ needs confirmation.

ZrE C(F8.4,67Gor) is homeodesmic to T12C.

ZrC(MNaCl1,5R1.74,24.89,phase diagram 6/S5to) melts at 3690K. a(N=16,48,40)=
4.70&:28(0). The range Zr65C35 - ZrSOCSU illustrates the influence of the f
electrons.

HfgeCq4(FhtpMg,78Mof) s homeodesmic to Ti N, the high stability of HfC
shifts the mole fraction to smaller values.

HfC(MaC1,5R4.6,19.87) melts at 4200K. E(E=16,48.56)=4.64355B(4). The high
melting temperature illustrates the importance of the f correlation.

VZC.h(NZC.h.SR18.100,30.4D,drw 64Sch.267) is stable in the interval 1070-
2460K. Contrary to many previous phases the A-stacking is of the kind hh=+- and
JE3I/!§1]=1.58 is smaller than the ideal value 1.63. The ccc=+++ stacking and
the ideal axial ratio will be reached in VCO.Q(NaC1). Since the commensurability
of the (E'UE)CH correlation of TiC in the hexagonal plane is very tight and
since the compliant direction of C is [111]C a change of commensurability is to
be expected in [111} iC=[001]V2C.h' Therefore the binding in Vzc.h may be a
(E=10,20)=H2.88;4.55§=26H(2;7.5/3). The number of g layers per atom layer para-
1Tel to the basal plane is only 0.25 smaller than in TiC where it is 4. The low
g electron offer in U2C.h causes the low axial ratio. If it is assumed that the
Vesp electrons weakly take part in the correlation forming g then there are
15 9gH Tayers per a cell so that the electro dipoles in a5 direction may be as-
sessed by the sequence n2/15=0.00,0.13,...,0.93,1.07,...,2.00,2.13. In 0.00 lie
an atom and an electron. To avoid this degeneracy the electren site n2/15-0.01
is considered. There in the atom 0.00 lies a + dipole and in 1.00 a - dipole
favouring the +- stacking (84Sch).

vzc.i(F92N1,08.4,71Eck), g(ﬂ=40,80):4.57;5.74;5.04S=QCH(7.5/3;4;4/2).

Vztlr(htpvzt.h,71Eck), 5;11.49;10.06;4.55ﬂ, more structural data are desirable

VAC (R4.3,5R35.110,70Yvo) is antiisotypic to Sn4A53(SR3.650). The stacking
(+--=) is rare (70Yvo) and the V layers are not equidistant. The averaged and
normed axial ratio !53[/6I51[=1.59 is slightly greater than 1.58 of Vzc.h but
essentially smaller than 1.63 of VCD.Q‘ The binding may be a(N=60,132)=H2.92;
27-83E=EH(1;10)=(g"g)6H(2;45/3)- An assessment of the stacking must be postponed
because of the non-uniform layer distance.

VECS(H18.15,SR33.57) displays gégvzc_h(V%;3) and the stacking cccccc.  a(N=
90.204)=H5.09;14.40R=26H(1;5/3)=(EVE)CH(V12;24/3). The normalized axial ratio
1.63 indicates that evc is not strained. The strain of b is not of influence.

V8C69(C32.(27.6),5R38.68) has a NaCl structure with ordered C lacunae, a(N=
160,366.4)=8.33R=QB(Z)=(ERE)C(8). The commensurability 3=5VC(2) must be caused
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by electro dipole influences.

"E 9(NaCI SR27.127) does not include the cumposition VC, but has a con-
gruent melting point (71Tot). a(N=20,46.4)=4. 178- h (gvg)c(ll); From the elec-
tron count it must be concluded that a=g.(4) is not Dossible. rather it must be
assumed that a b correlation is precipitated. The lacuna homeotypes of Ve may
be interpreted by the assumption that a b correlation is precipitated from the
gcorr‘elatwn‘ and seeks an appropriate commensurability. A Lewis phase r’fc 3
is not :fable in A C,,E since the composition would not allow AA bonding. Also m
.&6 |10 C only subcarbides are found.

szc F (w C.h,SR23.97), a(N=10,20,20)=H3.13;4. 978= gBH(Z 315/3). The axial
ratio 1. 59 and the stacking are compatible with the binding.

szc h (Fe2 0. 9,H6 3,5R29.107), a(N=30,60,60)=H5.41;4. 96R= (b'vc) H(¢12;7.5/3)

1/12 ;7.5/3). Some rearrangement must occur in f, but it is not easy to
descmbe

szc.r(08.4,SR32,507,52‘94,drw 70Par), _a_(ﬂ:40.80,80)=10.91;3.10;4.973. The
phase is not isotypic to Fele. A separate b correlation is not probable by ex-
trapolation of the next phases. A supercell could not be detected by 85Lon.

Nb C3(V4C3,R4 3,5R35.110), a(N=60,132,120)=H3.14;30. 108=b (0 5;5)= (euc )BH
2 93/3) The phase is closely homeodesmic to V4C3 and a130 to Nb C. h2

Nb, 3‘l(l,htpNaCl SR34.58), E(E 20,44,40)=4.47R =b be(1)=(evc')g (4) It appears
that the cubic relation of evc' decreases the contr1bution to b
Nb ES(HIB 15,htpNaC1,SR52.31),a(N=90,204,180)=H5.46;15. 428=b, —CH“ 6/3)=(evc')
e :48/3). See SR51.29.
NbC(iaC1,SR30.118), a(N=20,48,40)=4. 478=b, (l) (evc' )8(4) 1f the f contribu-
tion is disregarded instead (evc)y the corre1at1on (evc)o must be assumed, and
it requires the bF correlation.

¥a64C(U64.1,65\Hl) is homeodesmic to TaZTN 88Sch). The structure needs con-
firmation.

Tazc h(NZC h,675to) is isodesmic to T52C P

Ta C r(Cd12,5R30 40), a(N=10,20,28)=H3.10;4. 94R-= gB (2;15/3).

Taﬂ 3(V4C3,R4 -3,5R35.110), a(N=60,132,168)=H3.12;30. 00R-= b (0.5;5)=(ev e’ )BH
(2;93/3).

TasCy. 1(LhtpNam SR34.58), a(N=20,44,56)=4. a2k=b =be(1)=(evc’ ) (4).

TaC(NaC1,5R30.118), melts at 4270K. a(N=20,48,56)=4. 458= bF(l) (eve' )B(4)

Croqgl 6(F23 6,5R38.60,drw 64Sch.259) contains regions homeotypic to CaF, al-
ternating with regions homeotypic to Cu. This is contrary to most earlier ACM
phases based on a close packed A site set. The pressure of the increased e con-
tribution loosens the close packing locally and there must enter the C atoms.
a(N=552,832)=10.658=(bvevc)4(9). The binding can no longer be of the C type
as in vzc.h(wzc.h), it must be closer packed. Substituted Mo and W atoms enter

Bl
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only the tetrahedral interstices between the Ry, cubc octahedra, since the
hexahedral interstices are filled with C. The Cr23c6 type is stable also in
g contributing N=644,832, and in W,Fe,,Cc, contributing N=720,832,112.
Here new b bands might be opened.

Cr7C3(Mn7C3.028.12.5R38.60,drw ibid.) is pseudo hexagonal. The close packed
Cr sites form chains of cctahedra along a; sharing faces. On each free face is
built a trigonal prism filled by C. _a_(ﬂ=168.272):4.53;7.01;12.148:35(4;6;10).
Evidently Cr23C6 and Cr7C3 are fairly homecdesmic.

CrJCZ(OIZ.B,SR34.56,drw.SR34,58) was very exactly refined (69Run). It is
commensurable to NaCl: g=ENaC.I(-1,0.5,0;1,0.5,0;0,0,3) but the atomic sites are
strongly changed so that the C are not in Cr octahedra but in trigonal prisms.
Nevertheless the binding may be 3(ﬂ=72,128):5.54;2.83;11.47ﬂ:(3‘“g)5(5;2-5'.10)-
The commensurability element 10 must cause the structural shear.

CrC.h{NaC1,51Epp), 5(5:24,48)=3'623=§C(2):(gu5) (4).

Mozc.h(wzc.h.SRZ.Zﬂo), 3(ﬁ=12,20,20):H3.01;4.78%:(9'\)5_')%(2;15/3), l331/\311=
1.59, see NbZC‘hZ' The b correlation is mainly on CH of ¢ and partly on CH of f.
Another possibility would be to assume the precipitation of a b correlation.

MOZC.r(Fe2N£,08.4,SR28.15). 3(ﬂ=48,80,80)=4.72;6.00;5.ZUR, perhaps a better
spin compensation is introduced to b: E:EFH(2/3;2;2/2)=(gvg' )@H(15/3;4;412).
Since the C atoms obtain dipole vectors in a
favourable.

Moacz.h(HG.d,SmB.BD). 5(§=36,64,60)=H3.01,14.633:(_[3_‘\:5'){B‘H(2;42/3), 1531 l3l§l|
=1.62, stacking hcchcc=+++---, dipole sequence neglecting the weak bf correlat-
ions, n6/7=0,0.86,1.71,(2.5 ),3.43,4.29,5.14,(6.00), +++---,

MoCq ,.h(NaCl,SR26.101), E(ﬂ=24=43’40)=4-27ﬂ=gr(1):(5"5')5(4)‘ Perhaps it is
more appropriate to write the binding g=gt(l)=(e"c)c(4)=fc(4).

wzt.h(HZ.l,SRl.WS,drw 645ch.267), 3@:12’20’28)=H2'99;4'72a=ﬂBH(2;15/3)'
wzc.r(cmz,snza.g?), E(E=12,20,28)=H2.98;4.71ﬂ=EFH(1;2/3)=(ng')BH(2;15/3).
wzc.m(Fele,OB.4,68Yvo), Q(E:48,80,112):4.73;6.01;5.193.
NEC.F,(FezNo.9,H6.2,58YV0,5R33.152), 3(36,56,84)=H5.18;4.7ZR.

N4C2_5.h(NaC1,SR27.141), _a_(ﬁ=24,42,56)=4.273:38(4).

WC(H1.1,5R26.105), 3@:6,12,14):!12.91;2.84R:gBH(2;9/3). The NaCl type is not
possible for WC since at elevated temperatures excited electrons are present.
The excellently fitting binding causes a high hardness so that WC, in a binder
of Fe or Co may serve as cutting tool.

anc.h(T48<12,SR21.76,phase diagr.78Mof) is hemeotypic to M"23C6' a(N=336,432)
=7.66310.57R=by (1/4.553)=(evc) 4 (¥41;9). The bindings for MnC, contain the diffi-
culty that they do not well compare with the binding of Fezac.m.

an3CG(Cr23C6,F23.6.5R21.76), 3(E=644+832=1476)=10.593=EC(3)=(EVE)B(9). The
binding is homeotypic to that of Mnac.h,

Mn23€

1 direction the change of C sites is
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Mnlsr,q_h(sec phd 78Mof), structural details are desirable.
}ﬂ.nzc,h(Fe3C.m,012.4.5R21.76,drw 645ch.253) 15 remotely homeotypic to Cu3ﬂu.
E{ﬂ>84.112)=4.63;5.11;6.TGR=(Q'»£)B(4;4.5;6), This is a collective binding com-
patible with the room temperature instability as h'vc is strongly underoccupied.
MnSCZ(Pdsﬁz.NlO‘4.SR18.88.26.76.drw SR26.78) contains a sheared PdHT site
set with C in trigonal prismatic coordination. a(N=140,192)=5.09;4.57;-1.57,0,
11_55a=(g‘v£)8(4,5;4;10). The binding accentuates the homeotypism to FeSC.m.

The sheer is caused by the binding.

Mn7C3(028.12.5R30.36,38.61) is isotypic to Cr7C3, and pseudo hexagonal. a(N=
1‘36,272)=4.55.6.96;11_98R=(Ev5)8(4;6;10).

Te,C(htpNaCl ,SR26.104), 5@:28,40,40):3.998:25(4)_

RECM(T’SBay) carbides have been suggested. The low number of subcarbides of
the heavier elements is caused by the fact that the B type correlation cannot
be as easily filled by f electrons as the C type of VCM etc.

Fe,qC.m(UL. (0.05),SR17.90), 3(&:16,16,2):2‘84;2,QBR?Q"B(JS;I.9)=g§(w/5;1,5),

Fe3C.m(012.4,SR9.40,dr‘w 645ch.253), g(ﬂ=96+112=208)=4.52;5.09;6.?4&:(9"'5)3
(4;4.5;6).

FeZC(H6.3,5R23.89), g(ﬂ=48,60):H4.77;4.353:(9‘\:5)8“( 3;14/3).

Fezc(mzc ,04.2,SR38.64,drw 64Sch.257), 9_(&:32,40):2.83;4.70;4.323:(9'@)5
(2.5:4.2;3.8). While-Fe,C(H6.3) appears to have 21 sites per Fe, in Fe,0(0.42)
are only 20. The deformation of the 04.2 phase might be a mechanism to save
electron sites.

FesC,(PdgB,,N10.4;5R31. 30, drw SR26.78), a(N=160+192-352)=5.09;4.57;-1.55,0,
11.45) is isodesmic to Mnscz.

Fe,C4(Mn,C4,028.12,5R32.139), a(N=224,272)=4.5436.89;11.91R=(b"vc) 5 (4;6510.5).
The last commensurability element is not integral, to conserve the rule that they
are mostly integral, it should be investigated whether there are lacunae in
FETCB' It appears suggestive to bring the orientation AB of the hexagonal co-
lumns (SR38.61,62) in relation to the binding.

RUC(WC,H1.1,SR24.92), 3(ﬂ=8,12,10)=i—12.91;&823:(2'«5')3}{(2;9/3).

0sC(WC,SR24.92), 3(@=8,12.14)=H2.91,2.823 is isodesmic to RuC.

Cosc.i(F93C,5R5.178), g(ﬁ=108,112)=5.09;6.74;4.53R=(E'UE)B(4.5;6;4), the
binding is slightly overfilled.

Co,C(CaC1,,04.2,5R15.31,drw 64Sch.257), 3@:36,40):2.90;4.45;4.37&:(9‘»5)3
(2.5;4;3.8).

Ni,C(R6.2,5R22.82), 5(E=1ao+158:34a)=n4.55;12.923:(3'-9%(3;39/3), There
are 13 electron sites per 6 layers of Ni parallel to a153,.

CuC(73Bai), a super-carbide, seems not yet to be structurally investigated.

A94C(73Bai) suggested but not confirmed.

AgC(73Bai).



AuC(73Hol).

Zn62(73H01) needs confirmation.

CdE2(73H01).

HgCZ(Z’.’SHol), Lewis phases become stable not earlier than in AICM where the
equi atomic composition is approximated. =

BgCo(T50.2,5R38.39), g(ﬂzlss,lﬂd)z&72;5.083:9{:(/45;4):EB(}/45;4). The ¢
correlation has a occupancy 0.29 and is occupied only in the 312 icosahedra. In
C.r also, 3(N=15,8)=H2.45;e.702:9FH(1/3-,5.3/3):5CH(1/3-,11.5/3), the ¢ corre-
lation is very weakly occupied. However, molecular units as in boron cannot be
formed since the b concentration is too high. In N the associatien to planes
is no longer possible.

B,C(R12.3,5R9.154,drw 645ch.179), another subcarbide, a(N= 144,90)=H5.63;
12‘NﬁzECH(a;15/3)=EBH(3;32/3)' The ¢ occupancy is 0.31. The Cy fill the b
correlation.

A14C3(R4.3,SR3.56,drw 645ch.185) is a pale yellow Lewis phase homeotypic to
Si, but not isodesmic. Parallel to a,,a, there are hexagonal close packed Al-
layers and C-layers having just 1 atom per 21,3, mesh. Only the projections
A=0,0, B=2/3,1/3, C_=1/3,¢/3 are geometrically possible. Both, the Al site set
and the C site set are in zeroth approximation close packings and may be des-
cribed by Zhdanows symbols (45Zhd,59Int). If B lor C)is stacked on A the layer
is marked by + (or -). Analogously for the other characters. The Al stacking
in maca is ++-+++-+++-+ or briefly (13)3 and the C stacking is --+--+--4 or
(12)3. The binding is localized g(ﬁ:36,132)=H3.33;24.893:9%(1;36/3)=SCH(2;36!3).
The Al sites are influenced by b and ¢ but the C sites by c only, therefore the
C stacking should be considered. On 9 C-layers come c chains along 2, with 12
sites and the sites may be in 53=3,’12 (2:0,1,2,...) or, with respect to the C
layers in 953=59/12=0.0.75,1.50,2.25,3.00,3.75,4.50,5.25,6.00,6.75,7.50,8.25,
9.00, so that the electro dipole directions at the atoms may be +-++-++-+(+)
i.e. favouring just the observed stacking following the rule (84Sch) that a
change in dipole sign causes a change in stacking sign.

A1C3(73H01) lacks structural information.

A14C3(MN)I(H10.6.2,5R28.3,31.5) is the first member of a homeotypic series
of phases obtained by replacing the index EA]N:I by 2,3,4. For EA1N=1 was found
the A1 stacking (113)% and the C.N stacking (112)%=+4-+--+-. For the binding in
A]SCJN may be assumed 5(ﬁ=30,114):H3.28;21.57R=EBH(1;32/3)=CCH(2;32/3). The a,
axis contains 10.7 =211 b sites and 8C,N planes parallel to EIRLPS Normalizing
2, to 8 the 11 electron sites are (with n=0,1,..,8) in n8/11=0,0.73,1.45,2.18,
2.91,3.64,4.36,5.01,5.82,6.55,7.27,8.00. From these numbers the momentary di-
pole vectors at the C or N layers have the signs ++-+--+- corresponding to the
symbol (112)2 under the assumption that conservation of sign leads to a
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conservation of stacking while change leads to a change of stacking (34Sch).

SiC is a Lewis compound displaying the property of polytypism (250tt). There
are 4 basic structures F1.1,H4.4,R5.5,H6.6 from which metastable homeotypes
(polytypes) may be derived (83Pan).

SiC.B(ZnS.r,F1.1,5R1.146,11.226) is formed near 1800°¢ and may be stabilized
by N. The binding may be 1@115’“8)"4'363:93(2):9f (4) or in hexagonal coordi-
nates %(12,35):%.08;7.ssﬁsgBH(1;12/3)=£CH(2-,1213). The binding might be con-
sidered as collective but basic phases obtained at higher temperatures do not
allow this. At 1800 - 2100°C H4.4 is formed, above 2100°C H6.6.

SiC(H4.4,5R1.80,11.228) is a stacking homeotype of SiC(FL.1l) with the stack-
ing of the double layers parallel to a;,4, ++--=chch. The binding may be
3{E:16,4B)=H3.08;10.DSR:EEH(1-,15/3)=EEH(2;15/3) meaning that b electrons are
excited to a higher band so that b must expand into the as direction and ¢ con-
forms to this strain. From the straining of b no conclusions may be drawn for
the axial ratio of a since the influence of the new band is unknown. 4 Si Tay-
ers parallel to a,,a, are traversed by b electron chains paraliel to a, with 5
sites per cell. The dipole vectors generated by the chains at Si may be assessed
as follows. When the normalized site parameter >_(:‘3=4§3 is used the Si have an in-
tegral 5'3 parameter. The parameters of the electrons are n4/5=0,0.80,(1.60),2.40,
3.20,(4.00). Since the electron 0 lies in a Si,a little amount say 0.01, is
subtracted from the chain. Then the signs of the dipoles in a, direction are
++--. The value (1.60) does not cause a dipole. A neighbouring chain causes to-
gether with the first chain the average site n4/5-2/15--0.13,0.66,(1.46),2.26,
3.06,(3.86) i.e. once more ++--. A chain giving another stacking will be weaken-
ed in the correlation. From this may be concluded that the dipoles in aq direc-
tion cause the stacking (84Sch). From the site number E’S'%C)zw it must be con-
cluded that the binding in SiC is not collective, however, the conformity of €
to b must be considied as the cause for the observation that all polytypes of
SiC are hexagonal (or rhombohedral).

SiC(R5.5,5R1.83,11.228) has the stacking (++~+~)3=(hcchc)3 and the binding
E(ﬂ=50’180)=H3‘08"37"823=Q§H(1;54/3)=£€H(2554/2)' Both correlations are strained
because of the excitation of b electrons. The dipole sequence it nl5/18=0,0.33,
1.67,{2.50),3.33,4.17,5.00,5.83,6.66,(7.50),8.33,9.17,10.00,10.83,11.67,(12. 50},
13.33,14.17,(15.00) and therefore the dipole signs become ++4--+++=-444--,

SiC(H6.6,5R1.82,11.226) is the most abundant phase in commercial SiC. It has
the stacking +++---=hcchcc and the binding g(_ﬁ{=24,72)=H3.08;15.IOR=QEH(1_;21/3):
AéH(E;ZI/a). The dipole sequence is n6/7=0,0.86,1.71,(2.57),3.43,4.29,5.14,
(6.00) causing the dipole signs ++4---. The electron count in TiC and SiC is
quite similar. It appears that in TiC the binding is completely collective while
in SiC it is more localized perhaps since the b electrons and ¢ electrons of Si
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have a different main quantum number. The strong influence of the excitation of
b electrons on the stacking in SiC suggests that the stacking is not only a
function of temperature but also of the impurity and defect concentrations.
Therefore at room temperature only F1.1 might be stable and all other structures
depend on history. Especially SiC(H2.2,59Ada) might contain hydrogen. If a cry-
stal H6.6 is heit at a temperature being not its equilibrium temperature, then
it tends to another stacking. However, since the b electrons are uniformly dis-
tributed the driving force for stacking change will be periodically distribut-
ed. This might be another cause for the striking phenomena observed.

Some terpary carbides

CaT'iDa(Cl.1.3,perovsk1‘te,SRl.300) is a Lewis phase having Ti,with smaller
atomic radius,in the 06 octahedron. The binding may be 5(_I\l_=2.4,34)=3.803=(g"g)c
(2)=£F(2) for instance, or E=(?”e)§é‘/§;1~5ﬁ&§("/853)- The phase has a heterodes-
mic branch of isotypes (kind A3"‘ ATT T 77C) (69Sta) to be discussed for the
following examples.

Mn3A](§(3.1.1.5Rl3.3,19.l3) displays C surrounded by Mn6 as Mn has a smaller
radius than Al. 51_(§=3,21.36)=EF(1):(5-15)[:(4). The binding may also be fully
collective a =(Eu3~£)c(4). For Fe3AICO_7(C3.1.1,SR3‘614) comes N=3+24+35=62,
for CO3AIC0_6(C3.1.1,SR22.7) N=3+27+34=64 and for N13A1CO'3(CBA1.1,SR22.7) A=
3+30+433=66. The last binding would be overcccupied in E:_gc(d) whence it should
be assumed that the b correlation is not collective with (evc). This is confirmed
by the observation (SR22.7) that only NijAlC, 5 is not ferromagnetic.

Fe3SnC(63.1.1,SR23.83), 3(3:4,34,36,10):3,Bﬁﬂ:gF(1)=(2~EUI)B(4). The presence
of Sn fills the g. correlation of FejAlC, ; partly to a(evcef), correlation
allowing thus a higher y—c" In CcoSSnCO.7 comes N=4,37,35,10, apparently the hi-
gher e contribution repells the EC value although the correlation is partly
filled to the B type.

T1'3A1C(03.1.1,SR29.97), g(_N_rB,lZ,ES):Q.lSR must be heterodesmic to Mn3MC.
Perhaps a systematic introduction of unoccupied correlation sites is possible,
asb(1)=e5(2)=c(2).

Mn,GeC(Cr AsN,U6.2.2,5R33.28,drw SR33.30) has an IrySi type {SR24.113) me-
tallic structure with C in octahedral Mn6 holes. The binding may be a(N=16,124,
144)=5.38;8.(JTR:bFU(Z;4.25/2):(§u§)c(f32;8.5). In relation to the €3.1.1 type
the electron numbers per cell would be N=4,31,36, being slightly too high for
.the binding of MnsAlC. Therefore the commensurability element in a, direction
is increased and the induced momentary dipoles cause the I-homeotypism to C3.1.1.

Mn.hl(CZO,SRZ.B,drw 645ch.142) is formed because the collective binding in
I‘-‘!n.hz(Cu,SRIB.Z]O), E(E=2B=32)’3'853=ﬂc(4)! precipitates the e correlation. It
may be found g(ﬂ=140,160)=6.SIR:gé(;/ZO;E.8)=ﬂ3(;/20-,3.B). The binding is homeo-



tynic to that of Mn‘hz(Cu) written as a=b ".:) *F(Q). but has less sites per
atom according to the site number rule. lt is homeotypic to earlier proposals
and is related to the screw axes in the space group. Analogously to the for-
mation of perovskite carbides from the Cu type,also from the .‘*11'1.h1 type car-
bides may be formed. When the sites of I'-1n.h1 are occupied by atoms with lower
electron contribution, then C may enter the cell as the C insertion increases
the number of electrons per metal atom.

Nb Al C(CIZ 8.4,htpMn. h ,SR28.42) contains Al in the eightfold position and
Nb in the twelvefold po-_ﬂtwn forming octahedra centered by C lying in a four-
fold position. Although ry, srp the € 19e in Nb,  octahedra. From N-24,60,176,
120 it must be inferred that the Nb3d electrons partly go into the b'sbve cor-
relation and partlytenter the b'vc correlation.

CrzAlC(H4.2.2,SR28.3) has a hhhhhh type stacking of the metal atoms. The C
are in Crﬁ octahedra sharing edges. E(ﬂ=6,24,56)=H2.86;12.82ﬂ=_lgFH(1-.5.5/3)=
(EuE)CH(2;22/3). The number of ¢ sites per metal atom is 14.7, instead of 16
in MnBA]C, because of the smaller d electron contribution. In an ideal Mg type
packing the axial ratio per 2 layers 1.63, here it is always,because of ¢,
smaller. Essentially smaller axial ratios occur in A;Alsc.

VZPC(CrZAEC,SRBB.UO), ;(ﬂ=10,20,56)=H3.08;10.ngzch(l;9/3)=(EHE)CH(2;18/3).
The siight overfilling of the binding suggests statistically distributed lacunae,
otherwise the binding would be compressed in the a direction.

Ti SiCI{H6.2.4,SR32.46) has the metal stacking chhhchhh. a(N=8,24,80)=H3.07;
17.67E=(gugv‘g)w(2;28/3). The stacking rules of 845ch dy not wort since the
layers are not equidistant.

Mn 51 (HlD 6.5R4.24,drw 645ch.306) contains close packed Mn columns along
a3 and a Mg-type 5i site set with a= EMQ(‘;/B 1). The binding may be a(N=24,70,128)
=46.91;4.81R= P_FH(I/IZJ/S) —CH 1/12,6/3} —BH(1/12’12/3)' Since ¢ is not fully occu-
pied filling homeotypes are possible, and have been observed with C in I‘-1n!5 oc~
tahedra.

MnSGeJ{Mn551'3,SR17.171). 3(ﬂ=25,130,128)=H7.19;5.053.

Fess'i3 h(Mn i SRlU 63), a(N=24, 80,128)=H6.74;4.728.

The carbides occur in the area .l\4 GAH 15C
Moa BS'3E0 G(Mn5313,SR20 IBZ) a(N= ﬁﬁ 154, 130) The Mo defect may come from

the participation of the Mo3d electrons.



The above used plural correlations model allows an attribution of a bondina
tyne to most empirically found carbides. The understanding provided becomes
apparent by answers to questions frequently raised:

Why include AICM mixtures no Lewis phases (normal valence phases)? The
composition of a Lewis phase would be "Aic" and would not allow a strong ienic
interaction, so that only supercarbides become stable. Earlier it was thought
(345ta) that the alcali interstices are not smail enough for C, to be inserted.

Why is Bezt(Can) stable but not ”MQZC(CaFZ)"? The very favourable binding
g=(gvg)c(4) accepts 64 electons per cell but “MgZC" would offer 96 buc elec-
trons.

Why 1is 5C4C3(Th3p4) the only Lewis phase in A3CM? The 224 offered electrons
find scarcely place in the binding a=(b'vc).(6). But 1n"Y4C3(Th3P4)"0r "LayCly
(Th3P4)" there would be 384 electrons.

Why are in TiCM no separate sub-carbides although in ScC‘.,T and VCM there are?
The fit of the binding in the Lewis phase TiC is so favourable that no separate
sub- or super-carbides become stable.

Why does TiC(NaCl) not include the equi atomic composition? The occupancy 1.00
of a binding is rare. A slight substitution Sc-Ti would presumably lead to an
inclusion of the composition Alcl‘

Why contains NbZC‘hZ(HZC‘h) a hh type of Nb-stacking? The binding 3=gB(2;
15/3) causes electron chains in 2, direction with 5 sites per cell. Therefore the
electro dipoles in a, direction of two neighbouring Nb with distance vector not
normal to a3 have always a4 components with different sign. This causes the hh
stacking (84Sch).

Why is Cr23C6(F23.6) more complicated than vzc.h(wzc.h)? The binding being in
VZC.h of the collective €1 kind condenses in Cr23C6 to a binding of the Bl kind
since the b' concentration has increased. The Cr partial structure is partly of
the F1 type and partly of the Cl type since the electron concentration does not
admit all atoms from an ideal E’EF1(3) cell. The dizmzsal leads to a new com-
mensurability E_'l_g. It is no longer 3=£C(12) as for a NaCl type but E=EB(9)'
Into the thinned regions of the Cr sites the C enter.

Why has Mozc.h(NZC.h) still a structure with close packed Mo site set? In
Cr23c5 there come 15.8(bvc) sites on one Cr, while in MoZC.h for the partial
(evc) correlation there are only 15 sites. This corresponds to the rule of the
site numbers (86Sch) and presses the Mo stronger together. The pressure is
caused by the additional interaction of the Mo3d electrons.

Why is Mn3C.h(Fe3(:.m) heterotypic to M"23c6? The increase of C con-
tent and the elevated temperature cause that MnJC.h has 9.0 B1 cells per Mn
while Mn2306 has 7.9 . This allows a more uniform distribution of Mn in Mn3E.h.



Wy is 0sC isotypic to WC although the b' concentration of both phases is
quite different? With respect to the high number of ¢' electrons the change of
E'concentration has only a small influence.

Hhy is N1'3C not isotypic to Fe3C.m? The b* contribution is too high.

Why does CuCH not contain Lewis carbides? Spin compensation can only come
from Cuds electrons and would cause a ”CUQC" Lewis phase having small Coulom=
interaction only.

Why is A14C stable but no other AUC comgnunds" Al 63 is a Lewis phase near
the equi atomic composition. In the heavier A~ elements the peripheral filled
sp shell has become too small, presumably,as to come into correlation with the
C2sp electrons.

Why are all the polytypes of the lewis compound SiC hexagonal or rhombohedral?
When in SiC{ZnS.r,F1,1) the binding is 3=(Ev5)c(4) at 1800°C then at higher tem-
peratures b will tend to dismiss excited electrons, so that it expands and
draws ¢ with it. Since [lll]c is the compliant direction of Cl, e will expand
in this direction and causes the hexagonal symmetry and the obServed stacking.

Crystal chemical rules are known, electron numbers are known, however, the
interrelations of rules and numbers and their emergetical meanirg  deserve
investigation . The results will prove helpful for anyone naving to do with
chemical mixtures.
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