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Ab initio electronic structure study for TTF-TCNQ under uniaxial compression
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We have investigated the electronic structure of TTF-TCNQ under uniaxial compression withab initio
plane-wave pseudopotential calculations within the local-density approximation and generalized gradient ap-
proximation. Depending on the compression direction, the constituent molecules are deformed in different
ways. Along with these structural deformations, quasi-one-dimensional Fermi surfaces show dramatic changes
in their shapes and sizes.
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I. INTRODUCTION

The organic compound tetrathiofulvalene-tetracyanoq
nodimethane1,2 ~TTF-TCNQ: TTF5C6H4S4 , TCNQ
5C12H4N4) has a monoclinic crystal structure~space group
P21 /c) where cations~TTF! and anions~TCNQ! form sepa-
rate columns along theb axis.3,4 Quasi-one-dimensional me
tallic conductivity along this direction is observed above
K.2 A charge transfer from TTF to TCNQ is the source of t
conductivity. At room temperature, 0.55 electrons/molec
transfer from TTF to TCNQ.5 Below 150 K, the charge-
transfer value is 0.59 electrons/molecule.5 The charge trans
fer is not only a function of temperature but also a functi
of pressure. Megtertet al.6 reported an increase of the char
transfer to 0.616 electrons/molecule at 5 kbar.

As for theoretical studies of the electronic band struct
of TTF-TCNQ, first, band parameters based on the tig
binding approximation were estimated through molecu
orbital calculations.7,8 Shitzkovsky et al.9 investigated the
Fermi-surface shape with various band parameters
showed the importance of the intercolumn coupling.Ab ini-
tio calculations were made also though early ones10,11 were
inconsistent with the previous tight-binding calculations a
the experimental results. As a known fact, before the fi
success for the DCNQI~dicyanoquinonediimine! systems,12

ab initio calculations had not well succeeded in describ
electronic structures of molecular conductors. These d
the situation is different.

We reportedab initio electronic structure calculations fo
TTF-TCNQ and TSeF-TCNQ~TSeF, tetraselenafulvalene!
with the experimentally obtained crystal structures.13,14 Sys-
tematic comparisons of the obtained electronic structu
were made between the results obtained with the lo
density approximation~LDA ! and the generalized gradien
approximation~GGA!, or among the results for the room
temperature~RT! structure of TTF-TCNQ, the 100 K struc
ture of TTF-TCNQ, and the RT structure of TSeF-TCN
For the same structure, the difference between the LDA
GGA results is marginal. The lattice-parameter decrease
temperature decreasing from RT to 100 K causes an incr
of the bandwidth. The substitution of Se for S is reasona
reflected on the obtained band structures. The bands de
0163-1829/2004/69~15!/155111~7!/$22.50 69 1551
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from the highest occupied molecular orbital~HOMO! of
TSeF have larger bandwidths than those of the TTF-HOM
bands. The widths of the bands derived from the lowest
occupied molecular orbital~LUMO! of TCNQ show slight
decreases reflecting small increase of the lattice parame
with the substitution. Although the charge transfer betwe
TTF and TCNQ is somewhat overestimated as 0.7 electro
molecule, most results are reasonable in light of existing
perimental results. For example, the obtained data for
valence electrons were utilized to simulate Compton scat
ing profiles as well as positron annihilation spectra and g
successful results.15–17 Later calculations of the TTF-TCNQ
band structure with otherab initio methods18,19 are in good
agreement with our previous results14 mentioned above.

Recently, Kagoshimaet al.20 have attempted to contro
electronic properties of organic conductors by hydrosta
and uniaxial compression. The application of the uniax
compression is a novel technique and has an advantage
pared with the conventional uniaxial stress techniques.
uniaxial compression brings purely reduction of the latt
along a desired direction, while the uniaxial stress indu
expansion of the lattice in the plane perpendicular to
stress direction due to the Poisson effect. The uniaxial co
pression technique enables us to make well-screened cha
for the intermolecular distance and the electronic proper
of the organic conductors. Note, however, under compr
sion, experimental determination of the atomic positions
difficult or sometimes impossible. For such a case, theor
cal supports become crucial.

In the present work, atomic positions were optimized w
an ab initio molecular-dynamics technique on the expe
mentally determined unit cell. The results were compa
with the experimental results in order to examine the ac
racy of the computational technique. Next, we investiga
effects of uniaxial compression along three different crys
lographic axesa, b, andc* ~reciprocal-lattice vector! on the
electronic structure of TTF-TCNQ throughab initio band
calculations with optimizing the atomic positions. As me
tioned above, TTF-TCNQ has a very anisotropic electro
structure and subtle balance between intracolumn and in
column couplings determineing the shape of the Fermi s
face. Compression along different directions is expected
©2004 The American Physical Society11-1
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FIG. 1. Crystal structure of TTF-TCNQ~Refs. 3 and 4!, ~a! view in theac plane,~b! view in thebc plane, and~c! constituent atoms.
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result in different electronic structures.

II. COMPUTATIONAL DETAILS

The present calculations are based on the plane-w
norm-conserving pseudopotential method.21 We used
pseudopotentials proposed by Troullier and Martins22 with
the separable approximation23 and the partial core
correction.24 As for the exchange and correlation energy
electrons, we have tested both LDA~Refs. 25 and 26! and
GGA.27 To obtain the final converged wave function, th
preconditioned conjugate gradient method28 modified by By-
landeret al.29 with the charge mixing scheme by Kerker,30

which has been shown to be suitable for large meta
systems,31 was used together with the Gaussian smear
technique.32 The total energy and Hellmann-Feynman forc
were obtained according to expressions in Ref. 33

We used the plane-wave cutoff energyEcut
PW560 Ry. A

good convergence was confirmed by comparing the res
with those obtained withEcut

PW565 Ry for some cases. Six
teenk points were used in the irreducible zone~1/4 of the
Brillouin zone!. In our previous work, we confirmed tha
even eight points were enough to obtain good convergenc14

In quenched molecular dynamics, one time step was 1–
fs. The criterion of the convergence is less than 1024 Ry/a.u.
for atomic forces.

For the unit cell of 100 K structure4 as well as cells com-
pressed by 10% along three directions, atomic positions w
fully relaxed and electronic band dispersions were cal
lated.

III. RESULTS AND DISCUSSION

Figure 1 represents the crystallographic view of TT
TCNQ @panels~a! and ~b!# and the atomic species of TT
and TCNQ @panel ~c!#.3,4 Before showing uniaxial-
compression effects, we would like to mention the results
15511
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atomic-position optimization on the unit cell experimenta
determined at 100 K.4 The resultant bond lengths and bon
angles are listed in Tables I and II together with the expe
mental results. As for bond length, generally, the LDA valu
are slightly shorter than the corresponding GGA ones.
LDA, the lengths for the single bonds@S~1!-C~1!, S~1!-C~3!,
S~2!-C~2!, S~2!-C~3!, C~4!-C~6!, C~5!-C~6!, C~7!-C~8!, C~7!-
C~9!# are underestimated while those for the double bo
@C~1!-C~2!, C~3!-C(3)8, C~6!-C~7!, C~8!-C(9)8] and the
triple bonds@N~1!-C~4!, N~2!-C~5!# are overestimated. The
GGA results show similar tendency, but the values for
single bonds are much better than those for LDA. Since i
well known that experimental C-H bond lengths are syste
atically underestimated due to asymmetric charge distri
tion around H atoms, the results involving H atoms are
listed in tables. For reference, the average C-H bond leng
0.928 Å while those for LDA and GGA are 1.097 Å an
1.096 Å, respectively. As for bond angle, both LDA an
GGA give very good results for TTF. Differences betwe
the experimental and the calculated values are comparab
experimental errors~typically 0.2°). In contrast, the agree
ment with the experiment is worse for TCNQ, especially
one cyano group@N~1!-C~4!-C~6!#. Larger thermal motion of
the cyano groups4 is a possible origin of the difference. Al
though the maximum difference values of 0.029 Å and 2
are one order of magnitude larger than the experimenta
rors ~typically 0.003 Å and 0.2°), they are still acceptab
small for theoretical prediction of crystal structures.

Under 10% compression, it is naturally thought that m
ecules are deformed. As for the bond length, however,
change is very small regardless of compression direction,
largest change being only 0.01 Å. In contrast, bond ang
change in different ways depending on the compression
rection. In Table III, calculated bond angles for three co
pressed lattices are compared with those for the unc
pressed one. The difference between the LDA results and
GGA results is marginal. For the compression alonga, the
1-2
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TABLE I. Comparison of bond lengths. ‘‘EXP’’ represents experimental values at 100 K reporte
Blessing and Coppens~Ref. 4!. The numbers in parentheses are estimated standard deviations for th
digits ~Ref. 4!. The present results are given in the columns labeled LDA and GGA. Their deviations fro
experimental values are given asDLDA ,DGGA . Some of them do not exactly correspond with the differen
between the two values because of round-off error.

EXP ~Å! LDA ~Å! DLDA ~Å! GGA ~Å! DGGA ~Å!

TTF
S~1!-C~1! 1.734~3! 1.717 20.017 1.732 20.002
S~1!-C~3! 1.746~2! 1.726 20.020 1.743 20.003
S~2!-C~2! 1.732~3! 1.716 20.016 1.731 20.001
S~2!-C~3! 1.738~3! 1.731 20.007 1.747 0.009
C~1!-C~2! 1.333~3! 1.348 0.015 1.354 0.021
C~3!-C(3)8 1.365~5! 1.388 0.023 1.394 0.029
TCNQ
N~1!-C~4! 1.149~3! 1.168 0.019 1.173 0.024
N~2!-C~5! 1.148~3! 1.169 0.021 1.174 0.026
C~4!-C~6! 1.432~3! 1.407 20.025 1.415 20.017
C~5!-C~6! 1.431~3! 1.405 20.026 1.414 20.017
C~6!-C~7! 1.395~3! 1.417 0.022 1.424 0.029
C~7!-C~8! 1.431~3! 1.422 20.009 1.433 0.002
C~7!-C~9! 1.435~3! 1.421 20.014 1.431 20.004
C~8!-C(9)8 1.352~4! 1.365 0.013 1.373 0.021
f
on-
angle between the cyano groups of TCNQ@C~4!-C~6!-C~5!#
shows a decrease of more than 6°. For theb compression,
the molecular shapes are not much changed. The angle N~2!-
C~5!-C~6! shows a slight decrease. For thec* compression,
15511
the angle between the cyano groups of TCNQ@C~4!-C~6!-
C~5!# opens more and the cyano groups bend more@N~2!-
C~5!-C~6! and N~1!-C~4!-C~6!#. The cyano-group parts o
TCNQ are sensitive to cell compression. It is quite reas
d by
e last

m the
ce
TABLE II. Comparison of bond angles. ‘‘EXP’’ represents experimental values at 100 K reporte
Blessing and Coppens~Ref. 4!. The numbers in parentheses are estimated standard deviations for th
digits ~Ref. 4!. The present results are given in the columns labeled LDA and GGA. Their deviations fro
experimental values are given asDLDA ,DGGA . Some of them do not exactly correspond with the differen
between the two values because of round-off error.

EXP ~deg! LDA ~deg! DLDA ~deg! GGA ~deg! DGGA ~deg!

TTF
C~1!-S~1!-C~3! 94.7~1! 94.9 0.2 95.0 0.3
C~2!-S~2!-C~3! 95.2~1! 95.1 20.1 95.3 0.1
S~1!-C~1!-C~2! 117.8~2! 117.6 20.2 117.6 20.2
S~2!-C~2!-C~1! 117.3~2! 117.0 20.3 117.0 20.3
S~1!-C~3!-S~2! 114.9~1! 115.4 0.5 115.0 0.1
S~1!-C~3!-C(3)8 121.9~2! 122.1 0.2 122.3 0.4
S~2!-C~3!-C(3)8 123.1~2! 122.5 20.6 122.7 20.4
TCNQ
N~1!-C~4!-C~6! 177.3~2! 175.2 22.1 175.2 22.1
N~2!-C~5!-C~6! 176.7~2! 176.0 20.7 176.5 20.2
C~4!-C~6!-C~5! 118.0~2! 120.0 2.0 119.3 1.3
C~4!-C~6!-C~7! 120.9~2! 119.7 21.2 119.8 21.1
C~5!-C~6!-C~7! 121.1~2! 120.2 20.9 120.9 20.2
C~6!-C~7!-C~8! 121.7~2! 121.1 20.6 121.0 20.7
C~6!-C~7!-C~9! 121.4~2! 121.3 20.1 121.3 20.1
C~8!-C~7!-C~9! 116.9~2! 117.5 0.6 117.7 0.8
C~7!-C~8!-C(9)8 121.7~2! 121.2 20.5 121.1 20.6
C~7!-C~9!-C(8)8 121.4~2! 121.3 20.1 121.2 20.2
1-3
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TABLE III. Comparison of bond angles for uniaxially compressed crystals. Deviations in percentag
evaluated against the calculated values for the experimental lattice listed in the LDA or GGA colu
Table II.

DLDA
a ~deg! DGGA

a ~deg! DLDA
b ~deg! DGGA

b ~deg! DLDA
c* ~deg! DGGA

c* ~deg!

TTF
C~1!-S~1!-C~3! 0.45 0.54 20.15 20.35 21.05 21.43
C~2!-S~2!-C~3! 0.46 0.58 20.10 20.32 20.96 21.36
S~1!-C~1!-C~2! 20.18 20.32 0.13 0.17 0.35 0.44
S~2!-C~2!-C~1! 20.08 20.01 20.05 0.03 0.29 0.41
S~1!-C~3!-S~2! 20.63 20.79 0.20 0.50 1.39 1.95
S~1!-C~3!-C(3)8 0.32 0.53 20.17 20.29 20.60 20.77
S~2!-C~3!-C(3)8 0.29 0.24 20.05 20.23 20.79 21.19
TCNQ
N~1!-C~4!-C~6! 1.11 0.62 20.83 20.60 23.11 23.41
N~2!-C~5!-C~6! 20.73 21.73 21.38 22.57 26.10 27.73
C~4!-C~6!-C~5! 26.73 26.21 0.74 1.40 3.94 4.82
C~4!-C~6!-C~7! 3.06 3.03 20.30 20.06 21.30 21.33
C~5!-C~6!-C~7! 3.67 3.21 20.44 21.31 22.64 23.46
C~6!-C~7!-C~8! 20.02 20.19 20.15 0.00 20.37 20.40
C~6!-C~7!-C~9! 0.39 0.39 20.24 20.36 20.43 20.52
C~8!-C~7!-C~9! 20.35 20.18 0.31 0.30 0.81 0.93
C~7!-C~8!-C(9)8 0.25 0.22 20.21 20.28 20.46 20.55
C~7!-C~9!-C(8)8 0.07 20.09 20.14 20.05 20.35 20.37
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able from the molecular geometry. On the other hand,
molecular shape of TTF does not show remarkable chan

In addition to the molecule deformations mention
above, the compression causes another type of change
the crystal structure. The angle between the normal of
TTF or TCNQ plane and theb axis also changes. In Tabl
IV, resultant angle values are listed. The LDA and GG
results are very similar to each other. As for theb compres-
sion and thec compression, the observed changes of
angles are quite natural considering the relationship betw
the compression direction and the molecular direction. Tha
compression case is somewhat special. Only the TTF m
ecules are inclined more.

The band structure is thought to be modified with t
compression. Figure 2 represents the GGA results for
band dispersions near the Fermi level for the abo
mentioned four structures. The LDA results~not shown! are
similar to the corresponding GGA ones. In order to ma
quantitative comparison, tight-binding parameters have b
obtained by fitting the present results to a model. Six tran
15511
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b , tQ

b , tF
c , tQ

c , tFQ
a , andn, and the charge transfe

r from TTF to TCNQ were adopted as fitting paramete
according to Ref. 9. The suffixesF andQ represent TTF and
TCNQ, respectively.tF

b andtQ
b represent intracolumn transfe

along b while tF
c and tQ

c are intercolumn transfer betwee
homologous columns alongb/21c/2. tFQ

a are intercolumn
transfer between heterologous columns alonga/22b or a/2
1b. n is also intercolumn transfer between heterologo
columns along2a/22b/22c/2 or 2a/21b/22c/2. Further
details of the fitting procedure is described in our previo
paper.14 The resultant values are listed in Table V. As for t
transfer integrals along theb axis (tF

b and tQ
b ) and the trans-

ferred chargesr, their magnitudes for the LDA are slightly
larger than those for the GGA. This may be due to the d
ference in the optimized atomic positions. Our previous
sults on the common atomic positions show much less
ference between LDA and GGA.14 Reflecting the differences
in molecular-shape deformation and the molecular orien
tion, the electronic structure changes in different ways un
°
°

d be due
TABLE IV. Angles between the normal of the mean molecular plane and theb axis.

Expt. lattice 10%a 10% b 10% c*
EXPa LDA GGA LDA GGA LDA GGA LDA GGA

TTF 24.0° 22.2° 22.8° 27.2° 27.4° 19.1° 19.4° 27.9° 28.0
TCNQ 33.8° 35.2° 33.6° 35.3° 33.8° 32.6° 31.6° 37.3° 37.0

aThe values given in Ref. 4 are 24.1° and 34.0° for TTF and TCNQ, respectively. Small differences with the present results woul
to round-off errors or different definitions of the mean planes.
1-4
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FIG. 2. Electronic band struc
ture of TTF-TCNQ near the Ferm
level calculated on the experimen
tal unit cell and the compresse
cells along thea, b, andc* axes,
respectively. The GGA results ar
shown.
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three types of compression. For thea compression, a distinc
change appears in the charge-transfer value. The TTF
umns and the TCNQ columns are alternately arranged a
thea axis and it is expected that thea compression causes a
increase of the coupling between TTF and TCNQ, which i
possible origin of the increase of the charge transfer. For
LDA, the increase of coupling appears as an increase of
magnitude oftFQ

a . For the GGA, there is a significant in
crease of the magnitude ofn. Although LDA and GGA gave
similar molecular-shape changes under thea compression as
described above, the effect appears in a different way im
ing that these parameters, which relate to transfer along ta
direction, are very sensitive to subtle changes of the cry
structure. In addition, the above-mentioned deformation
TCNQ may affect the energy level of the TCNQ-LUMO
derived bands. Another noticeable change is the decreas
tF
b . This would be ascribed to the incline of the TTF mo

ecules. For theb compression, quite naturally, the magn
tudes of the transfer integrals along theb axis (tF

b and tQ
b )

increase significantly. The change of the charge transfe
relatively small. For thec compression, the magnitudes
the transfer integralstF

c and tQ
c increase. The charge transf

also increases. Similar to thea-compression case, the in
crease of coupling between TTF and TCNQ and/or the
formation of the cyano groups could be an origin of t
charge-transfer increase. Previously, the increase of
charge transfer under hydrostatic pressure was interpr
due to the increase of the bandwidths assuming the b
15511
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centers constant.34 The present result implies that compre
sion along thea axis and/or thec axis also plays an impor
tant role, however.

The Fermi surfaces are located aroundkb5(1/4)rb* (r,
charge transfer! as a result of the quasi-one-dimensional
and the charge transfer. Since there are small but apprec
interchain interactions, the Fermi surfaces are not comple
flat as shown in our previous work.14 The uniaxial compres-
sion causes significant changes in intercolumn coupling
great variations in the Fermi-surface structure are expec
Figure 3 represents Fermi-surface views obtained with G
for the experimental lattice and those under three kinds
compression. They are produced with the 3D CG softw
POV-Ray,35 an enhanced version by Suzuki.36 It is shown
that both the electron and hole surfaces change significa
their shapes and sizes. The LDA results are very simila
the GGA ones except thea-compression case. In this cas
the LDA result shows small electron and hole pockets aro
(ka ,kc)5(a* /2,0). This difference could be ascribed to th
differences intFQ

a and n mentioned in the preceding para
graph. For the experimental lattice, the electron surface h
pancakelike shape centered at (ka ,kc)5(0,0). The hole sur-
face also has a flat shape and its center is at (ka ,kc)
5(a* /2,0). Under thea compression, these surfaces beco
small pockets in the LDA result while they become thin a
tubelike in the GGA one. For theb compression, these sur
faces are connected along thea* direction and become ope
surfaces. Thec* compression makes these surfaces sm
ell as

1.

.6

.1

63
TABLE V. Tight-binding parameters evaluated with optimized atomic positions for the experimentally obtained unit cell as w
uniaxially deformed ones.

Expt. lattice 10%a 10% b 10% c*
LDA GGA LDA GGA LDA GGA LDA GGA

tF
b ~meV! 203. 191. 163. 154. 381. 372. 194. 19

tQ
b ~meV! 2195. 2171. 2221. 2205. 2227. 2200. 2228. 2227.

tF
c ~meV! 4.50 4.43 2.24 2.60 3.90 3.85 15.9 14

tQ
c ~meV! 216.5 217.5 227.5 229.8 222.0 221.5 222.5 220.7

tFQ
a ~meV! 5.75 6.07 18.4 3.83 7.56 9.65 11.1 11

n ~meV! 211.5 29.35 27.65 243.3 0.851 1.17 23.84 21.69
r ~electrons! 0.813 0.768 0.925 0.870 0.825 0.795 0.884 0.8
1-5
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pockets. Reflecting the variations of the Fermi surfaces,
density of states~DOS! at the Fermi level changes muc
Values are listed in Table VI. These changes in the DOS
in the band anisotropies discussed above could affect tr
port properties of this material. For example, theb compres-
sion would increase quasi-one-dimensionality of the cond
tivity through the band anisotropy and the Fermi-surfa
shape. On the other hand, thec compression would reduc
the conductivity through the decrease of the DOS at
Fermi level.

FIG. 3. ~Color online! Calculated Fermi surfaces for the expe
mental unit cell and the compressed cells along thea, b, and c*
axes. Views from theG point toward theY point are shown in the
area of 3a* ~inclined! 33c* ~vertical!. Four corners of each figure
correspond to (kx ,kz)5(21.5a* ,21.5c* ), (1.5a* ,21.5c* ),
(21.5a* ,1.5c* ), and (1.5a* ,1.5c* ), respectively. Dark~red for
online! ones represent electron surfaces while bright~yellow! ones
represent hole surfaces. The GGA results are shown.
,

ys

tal
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IV. CONCLUSION

We have studied the effects of three different uniax
compressions on the electronic structure of TTF-TCN
through ab initio plane-wave pseudopotential calculatio
with the atomic positions determined by the molecul
dynamics technique. This procedure would be promis
since experimental determination of the atomic positions
der compression is not always possible. The molecu
shapes change differently depending on the compression
rection. As for the compression along theb axis, the mol-
ecules do not change its shape. For the other compress
there are significant changes in the bond angles but
changes in the bond lengths. The electronic structures re
sented with the band parameters and the Fermi surfaces
changed significantly and differently. The transport prop
ties of TTF-TCNQ could be affected along with the
changes and there is a possibility for tuning them by exter
pressure.
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TABLE VI. Density of states at the Fermi level for the exper
mentally obtained unit cell as well as uniaxially deformed on
Values are given in the unit of electrons/eV/unit cell.

Expt. lattice 10%a 10% b 10% c*

LDA 4.56 1.64 4.01 1.87
GGA 5.95 4.64 4.61 1.69
v.
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