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ABSTRACT

The structure of electronic energy bands, electric charge distribution and the amount of
charge transfer of molecular crystals 1-MCI - (TCNQ), (I) and 2-MCI - (TCNQ), (I1) have
been studied. The results are: (i) The dominant contributions to the electrical conductivities
for crystals I and 11 are from TCNQ molecular columns, and the charge carriers are electrons.
(ii) The electrical conduction is mainly due to the hopping of charge carriers between the
seats of lattice. (iii) The considerable difference of the electrical conductivities between crys-
tals I and 11 is due to the differences between (a)the concentrations of charge carriers g =
0.9988 — |e|/cell and 7Sy = 0.0340 — le|/cell; (b) the widths of the energy bands AEXY = 0.88
eV and AELY = 0.040 eV; (c) the first derivative of E with respect to £, (dE/dl()}c'lFJM = 0.27
eV - & and (dE/dl()l‘;gA“ = 0.0048 eV - A; and (d) the difference of energy barriers for the

hopping of charge carriers €;y — €; = 2.5—8.8 kJ/mol.

Keywords: structure of electronie energy bhands, energy bands and the electrieal
conductivities, molecular erystal, MIC - (TCNQ),.

Cursory consideration of the structure parameters of charge transfer complex crys-
tals 1-MCI - (TCNQ), [1-methylcinnaline - (TCNQ),] (I) and 2-MCI - (TCNQ),
[2-methylcinnaline - (TCNQ),] (11)"* might lead one to anticipate the similar elec-
trical conductivities for them. In fact, the difference between the room-temperature
electrical conductivities of I and II, ¢fT=1—2 X 10' and o = 1—9 X 1073(Q -
¢m)™M™2 s considerable. This phenomenon promoted our interest of searching for
the causes for such difference from quantum chemistry point of view.

In this paper, the structure of electronic energy bands and the electrical charge
distribution for crystals I and II have been calculated, and the factors causing the
difference between ¢*' and oX' have been analyzed. Finally, the mechanism of the
electrical conduction has been discussed.

* Project supported by the National Natural Science Foundation of China.
** To whom the correspondence should be addressed.
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I. MoberL, MeTHOD AND PRrINCIFLE OF CALCULATION

In crystals 1 and II, the packings of molecules MCls and TCNQs appear in rela-
tive independent molecular columns respectively™?. Because of the charge transfer
between molecular columns, usually, the kind of charge carriers and the behavior of
electrical conduction are different for columns of the electronic donor and acceptor.
Generally the intercolumn interaction is small®* so that the electronic energy bands
for columns of electronic donor and acceptor can be calculated independently without
essential effects on the resulis™. Crystals I and II are of this case. According to Refs.
(11 and [2], the model for calculation can be shown in Fig. 1.
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Fig. 1. Models of calculation.

The stoichiometrical ratio of MCl and TCNQ in crystals I and II is 1:2, so that
(MCI) and (TCNQ, - TCNQ;) are taken as structure units for columns MCI and
TCNQ respectively. Tight binding'™ and EHMO®™ methods and STO are used in the
calculation. The Hiickel correlative coefficient K = 1.75; the orbital exponents ¢,
Cw, Cn are 1.6250, 1.9500, 1.3000, and the valence ionization potentials Igs, Ins, Ins
are —21.4000, —26.0000. and —13.6000 eV; and I¢cp, Inp are —11.4000 and —13.4000
respectively. In order to investigate the charge transfer and the overlap between
orbitals, the super-molecules (TCNQ,, + TCNQjy,), (TCNQg, + TCNQ,,) and (MCIc, -
TCNQ,, » TCNQg,) in both crystals I and II are also calculated.

For a charge transfer crystal with relative independent molecular columns of the
electronic donor and acceptor the electrical conductivity can be expressed as Eq. (1)

¢ = nNeepup + naNceapa, (D
where n° denotes the number of charge carriers per cell (carr/cell), and N¢ the num-
ber of cells per ¢cm?® (cell/em?®). e is the amount of electric charge per charge
carrier, and for an electron and a hole the charges are — |e|/carr and |e|/carr re-
spectively. g stands for the mobility of charge carriers (cm?/s.V). The subscripts D
and A denote the molecular columns of the electronic donor and acceptor.
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The creation of charge carriers in a charge transfer complex molecule is mainly
due to the transfer of a certain part of electric charge from the band HO of the
donor column to the band LU of the acceptor column. In Refs. [7] and [1] the amount
of charge transfer is estimated by comparison of the corresponding bond lengths in
isolated jon TCNQ™ and molecule TCNQ. However, the bond lengths of TCNQ™
and TCNQ are under the influence of the surroundings, and usually are not located
in the interval of the isolated TCNQ™ and TCNQ, just as the case in the present
paper. The reliable method to obtain the amount of charge transfer is the calculation
with quantum chemistry.

According to the theory of Frishlich and Sewell. the mobility of charger carriers

for a charge transfer crystal can be shown by®™*

__er(Eg)L*(AE) )
PhT
where T(Eg) stands for the relaxation time at the Fermi surface, AE for the width
of corresponding frontier energy band k3 for Boltzmann constant, T for absolute
temperature, # = k/2 for Planck constant and L for the length of cell in the direc-
tion of conduction. Usually, when an electric charge carrier migrates from a mole-
cule to an adjacent one, it must obtain an energy greater than the potential barrier &
similar to the hopping in ionic crystals™®), Eq. (2) can be expressed in the form
of Eq. (2) in Refs. [10]1—[13]:
—_ Eo(EF)LZ(AE)Z e—E/kBT. (21)
Bk T
When € = 0, i.e. the mean free path I of charge carriers is long enough, the mi-
gration of charge carriers can be described with band mechanism.

According to solid state physics"¥, the relationship between the relaxation time
t and (dE/d%) for atomic crystals can be shown by

T %(dfl; )’ 3

where A = NMhc/ksT, B = EJZ(E, n) (1 — cosn)2zk’sinndy. M  stands for

atomic weight, N for the number of cells under consideration, ¢ for the mean speed
of the elastic wave, J for the summation which is related to the total transition
probability, and n for the scattering angle. For molecular crystals Eq. (3) should
be true, but 4 and B will be different from those of atomic crystals. For a quasi
one-dimensional molecular crystal, the scattering angle 5 will be either 0 or =, and

the B in Eq. (3) will be reduced to
B = 2J*(E). 4)

II. Strucrure oF Eiecrronic Enercy Banps AnND THE DistriBUTION OF CHARGE

The electronic energy bands are shown in Fig. 2. Because the electrical conduction
of crystal is related to the bands near the Fermi surface only, just frontier bands and
sub-frontier bands are given. For the convenience of calculation, the dimensionless
scale parameter « is used instead of the wave vector k. For crystals I and II, there
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Fig. 2. Electronic energy bands of crystals 1 and II.

are 2z = ka and 2zxa = kb, where a and & are the length of the cell in the direc-
tion of electrical conduction.

The intermolecular total overlap of crystals I and II are shown in Table I, and
the numbers of molecules are shown in Fig. 1. One can see that the algebra summa-
tions (§) of the overlap of atomic orbitals are much smaller than the absolute ones
ABS (S). This indicates that because of the packing condition, most of the overlaps
between atomic orbitals are cancelled by each other. The correct net overlap should
be obtained from concrete calculation and the cursory estimation® usually leads to
wrong results. It can also be seen from Table ! that the net overlap of the molecular
column TCNQ S(By,A;) in crystal II is smaller than that in crystal I, and it causes
the bands in crystal II to be narrower than those in crystal I". The distances be-
tween molecules MCls in both crystals I and II are much longer than those between
TCNQs, so that the overlaps S(C,,C,)s are quite small, and the corresponding bands
are quite narrow too, especially in crystal II. Because of the orientation of molecules
2-MClIs, the bands are even narrower.

The quantities of charge transfers from the band HO of molecular column MCI
to the band LU of column TCNQ are 0.9988 —|e|/cell and 0.0340 — le|/cell for
crystals I and 1II respectively. These results are comsistent with the relative positions
between the band HO of column MCI and the band LU of column TCNQ for both
crystals. The corresponding concentrations of charge carriers are 7% = 0.0012 carr/
cell; ni; = 0.9988 carr/cell; and nfy = 0.9660 carr/cell; nay; = 0.340 carr/cell. The
numbers of cells per cm® are Ney= 1.46 X 10* cell/cm® and Neyp = 1.44 X 10 cell/
cm’. As shown in Fig. 3, for crystal I, the Fermi surface goes through the bottom

Bk 6 b
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Table 1
Intermolecular Overlaps for Crystals I and Il

Crystals Overlaps S(Aq,By) S(Bo,A}) S(A,.Cy) S(BO.CO) $(C,,C))
1 S —0.3642 —0.0042 0.0164 0.1236 0.0031
ABS(S) 6.2962 . 5.7988 0.3624 -1.2855 0.8453

- s —0.3615 "—0.0276 |  0.2981 ' —0.0768 0.0000
ABS(S) 4.4071 2.0036 2.4923 0.5216 0.0000

Note: A, TCNQ,; B, TCNQy; C, MCIg; S, DS ABS(S), > 15
f ‘ 7

of band HO of column 1-MCI and the middle of band LU of column TCNQ. and
for crystal II, the Fermi surface goes through the middle of band HO of column
2-MCI and the bottom of band LU of column TCNQ. Because there is (4%E/
dk*)* > 0 for the bands mentioned above, the charge carriers should be electrons.
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Fig. 3. The band structure and the density of states of crystals 1 and II near Fermi surface.

——, Occupied bands; ----, empty bands; —.—, Fermi surface; shadow, occupied states,

After the charge transfer, the molecular columns of the electronic donor and
acceptor obtain positive and negative charges respectively. The distribution of electric
charge among atoms in a cell is the fine structure of charge density wave within a
periodic unit, as shown in Fig. 4.

When the crystal is under the influence of a certain electrical field, the state %
of system will be changed, and the corresponding motion of electrons and holes in
the unfilled bands will occur. The relationship between the distribution of the
amount of charge transfers and the wave vectors A(Ag)y — & has been calculated. The
corresponding A(Ag)y for crystal II is much smaller than that of crystal I. This



1168 SCIENCE IN CHINA (Series B) Vol. 33

0.3
- N
b
0.2 i | N
I 1 |
5 1 | i
i b
0.1+ P
~ ! ': : :
3 o 1 l‘ Y =' | !
~ b il H I :
3' 0 : ! H L1 “limlv.
” N I NN
L N
N
N
-0. 1
" -
—0.2 6 x 1 X 1 015 1 L L 1 110 A -
(a)
.
0.18 R
[
i L
- B
T ' T
3 i N (o
1
-0.1 1
- A
F T
L 1
N
_0'4 6;I 1 e 1 0.Is g 1'0 b
(b)

Fig. 4. Distribution of charge transfer within a cell.
(3) Cell 1-MCI . (TCNQ),, (b) cell 2-MCI . (TCNQ),
N, Atom nitrogen; , Ag in MCI; others, atom carbon, ----, g in TCNQ.

result is consistent with the fact of offf « ¥
1II. AnaLysis oF Facrors WhicH AFFECT THE ELECTRICAL
ConbuctiviTies of CryYSTAls AND THE CONCLUSIONS

The results for concentraction of charge carriers »°, the width of energy bands
AE and the (dE/de)., for crystals I and II are shown in Table 2.

From Eqs. (1)—(4), the contribution of a molecular column to the electrical
conductivity of the crystal can be shown as follows:

o= N

A é <dE> 5 _
< c %X LY AE 2 e/kBT‘ 5
c B #haT n ak i ( Ve ‘ (5)

According to the parameters of crystal structure, there is Nggy = Ncan. Since the
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Table 2

Comparison of Factors Which Affect the Electrical Conductivities of Crystals I and II

Crystal I Crystal 11
coln 1-MCI coln TCNQ coln 2-MCI coln TCNQ

ni(carr/cell) 1.2 X 107 9.7 X 167!
ni(carr/cell) 9.988 % 10! 3.4% 1072

aFE (eV) 4.6 X 1072 8.8 X 1072 1.3 x 107 4.0 X 1077
(dE/da)aF (eV) 2.5 % 1074 2.6 X 1071 0.00000 3.9 % 1073
op/C((eV)* A3/cell) 2.7 % 10-¢ 0.00000
ol ]C((eV)? A3/cell) 8.8 % 10-2 1.5 X 10~*

Note: 0" =C - n°(dE[k)kp - L . (AE)*; (dE[dk) = (1/27)(dE[da); Ly = 6.5157 (&);
Ly = 7.5987 (&).

super-molecules 1-MCI « (TCNQ), and 2-MCI+(TCNQ), are isomers, there is A; =
Ay, For atomic crystals, B indicates the change of the atom-field within a cell.
For molecular crystals, B will be quite complicate to analyze quantitively, but be-
cause of the similar structure of crystals I and II, the approximation By =2 By can be

taken approximately. After the collection of the factors, which are common for
crystals I and II, into C, Eq. (5) can be shown as Eq. (6)

dE _
= C c( ) LZ AEZ e/kBT, 6
o= cn(3E) L(aEYe )
when ¢ - 0
7 dE) 2 2 ’
= Cn°{—) LY!(AE)- 6
o n(dl( , L(AE) (6"

From the value ¢’/C for each molecular column, shown in Table 2, it can be
seen that the main contributions to the electrical conductivities are from molecular
column TCNQs for both crystals I and II. The value of i/of; is shown in Table 3.

Table 3
Comparison of the Calculated and Determined Values of 0;/0y;
(01/07;) Cal. (a1/oy) Cal.® (01/011) Derthn
6.0 X 10° 1.6 X 10*—1.8 %X 10° 1.1 % 103—2.0 x 10*

a) g1/ay = (01/0%) - e2/53T; T =300 K; ae =26y — & =2.5—8.8 kJ/mol =2.5—9.0 X
107% eV/carr.

As for £ > 0, according to the o-T datal!, the (g — &) can be obtained as
shown in Fig. 5 and Table 3. The calculated (T = 300 K) and determined values
of ¢1/¢y are also shown in Table 3.

. Considering that the charge transfer complex molecular crystal is much more
complicate than the atomic crystal, some approximations were taken in the above
analysis and calculation; and because of the difficulties in determination, , usually
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there are some discrepancies among the reported values of electrical conductivities for
the same material. It may be regarded that the consistency between the calculated and
determined values shown in Table 3 is satisfactory. According to the results men-
tioned above, the conclusion reached in this paper is reasonable, i.e. the essential
difference between the electrical conductivities of crystals I and II is from the essen-
tial differences of the concentrations of charge carriers, the widths of corresponding
frontier energy bands, (dE/dk) and the potential barriers between crystals I and IL
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Fig. 5. in(oy/oy)—1/T.
1, ag~8.8kJ/mol; 2, ag~2.5kJ/mol.

Finally, one can make some further estimations. The mechanism of migration
of charge carriers can be of band and hopping under the same condition", From
the relationship between the electrical conductivities ¢ and the mean free path / of
the charge carriers’™, there are /;==2.8 X 107! A and Iy=1.1 X% 107 A. Both of
them are much smaller than the length of the axis of the cell in the conducting
direction, therefore the migration of charge carriers is mainly by hopping betweer
the seats of the lattice. Considering the influence of T in the pre-exponent factor on
o is much smaller than that of T in the exponent factor by Eq. (5), the barriers
g, ~ 6.28 kJ/mol and & ~ 8.37 —14.64 kJ/mol can be obtained. There is gy ~ 2e;.
but both of them are smaller than the barrier in chemical reaction (41.84—418.4

kJ/mol), belonging to van der Waals interaction.
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