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Neutral-ionic phase transition: A thorough ab initio study of TTF-CA
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The prototype compound for theeutral-ionicphase transition—namely, TTF-CA—is theoretically investi-
gated by first-principles density functional theory calculations. The study is based on three neutron diffraction
structures collected at 40, 90, and 30QM. Le Cointeet al, Phys. Rev. B51, 3374(1995]. By means of a
topological analysis of the total charge densities, we provide a very precise picture of intrachain and interchain
interactions. Moreover, our calculations reveal that the thermal lattice contraction reduces the indirect band gap
of this organic semiconductor in the neutral phase and nearly closes it in the vicinity of the transition tem-
perature. A possible mechanism of theutral-ionic phase transition is discussed. The charge transfer from
TTF to CA is also derived by using three different techniques.
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[. INTRODUCTION energy needed to ionize molecules and the gain in the Made-
lung energy has been at the heart of the concept of NITs.

Charge transfer salts presenting mixed stacks with altetMore advanced models mainly concern extensions of the
nating donor(D) and acceptoftA) molecules have been ex- one-dimensional1D) modified Hubbard model which in-
tensively studied over the last 20 years for their originalcludes on-site Coulomb repulsion, transfer integral, and on-
neutral-ionic phase transition®lIT’s).>? Very recently, this  site energy. Anusooya-Pagt al® have recently shown that
class of materials has gained renewed interest as it has besoch a model has a continuous NIT between a diamagnetic
demonstrated experimentally that in some cases the convesand insulator and a paramagnetic Mott insulator. Therefore,
sion from the neutral staté@N) to the ionic statel) or from | the ground state at the NIT may be metallic but uncondition-
to N can also be induced by photoirradiatibBespite inten- ally unstable to dimerization. Such a metallic behavior near
sive theoretical work, the mechanism of the phase transitiothe N-I borderline has been indeed reportddepending on
and photoconversion has not yet been clarified. In these syshe strength of other interaction such as long-range Coulomb
tems, unlike in other classes of compounds, no dominarihteraction, electron-phonaieierls, or electron-molecular-
interaction has been evidenced and the nature of the NIT'gibration (Holstein couplings, continuous or discontinuous
must be related to a subtle interplay of different type of in-ionicity changes can be generated and the dimerization insta-
teractions. bility is more or less affected.

Depending on the choice @ andA molecules as well as Despite increasing computer power, first-principles calcu-
on molecular packing, different type of NIT's have been ob-lations are still very rare in the field of molecular crystals.
served mainly under pressure and sometimes also under temMhese calculations offer a unique tool for analyzing, at a
perature variation. Continuous and discontinuous NIT’s havénicroscopic level, CT salts without any beforehand assump-
been reported presenting different amplitudes of chargé@on concerning the relative strengths of electronic interac-
transfer(CT) variations fromD to A, often with adimeriza-  tions. They have already contributed to evidence the cou-
tion in DA pairs along the stacking axis. The TTF-CA com- pling between CT variation and anisotropic 3D lattice
plex made from tetrathiafulvalen®E TTF) andp-chloranil  contractions in the presence of hydrogen bofdad to ana-
(A=CA) molecules is considered as the prototype comdyze the quantum intrachain and interchain interactions in the
pound for NIT’s. At atmospheric pressure, it undergoes amixed stack CT crystal of TTF-2,5¢BQ. This compound
first-order NIT at a critical temperature of about 80 K. This has twice as few atoms per unit cell as TTF-CA, which
symmetry breaking phase transition leads to a ferroelectricnakes the computational effort considerably lower, but only
low-temperature phase where the initially pladarand A few experimental works are available and structural data are
molecules are both deformed and displaced to fbivipairs  limited to the ambient condition phase. From an artificial
along the stacking chairfs.According to vibrational structure obtained by relaxing all atomic positions within the
spectroscopyand CT absorption specfréhe CT has been experimental unit cell, it has been shown that the weak mo-
estimated to be about @2 in the neutral high-temperature lecular distortion due to symmetry breaking induces a non-
phase and 0& in the ionic low-temperature phase. negligible contribution to the total CT variation at the
TTF-CAs also a typical example showit| andl-N con-  NIT's.}

version under photoirradiatichRecently, ultrafastps) opti- Starting from first-principles density functional theory
cal switching froml to N has been observed by femtosecond(DFT) calculations, we present here a thorough study of
reflection spectroscopy. TTF-CA. Our main purpose is not to describe the phase tran-

Numerous theoretical approaches have been developed siion itself but to reach a precise understanding of the elec-
study the NIT’s. For many years, the balance between thé&onic ground states on both sides and far from the transition
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point. This work gives a new and complementary insight for E(eV)

this family of CT complexes. After a brief section concerning /»—c\\‘
computational details, we present, in Sec. lll, a complete 337 CB
analysis of the valence and conduction bands with the help a1 |

of a tight-binding model fitted to thab initio results. This L

will lead us to discuss a possible mechanism of the phase 291

transition itself. In Sec. 1V, the 3D total electron density at

300 and 40 K will be analyzed in detail using Bader’s topo- 27 | VB -
logical approact? Section V will be devoted to the determi- X N
nation of the CT in the high- and low-temperature phases 25

from our tight-binding model, from Bader’s approach, and
from a simple model based on isolated molecules calcula-

. ; ) . 3.9

tions. The last method will only be briefly mentioned as we P
defer a detailed description to a forthcoming publication. I 71CB 3 37
[ 4/ 135
. COMPUTATIONAL DETAILS 3 133

e N
Our ab initio ground-state electronic structure calculations - \\ VB 131
(frozen lattice are based on the experimental structures ob- I \ /'_ v 2.9
tained by neutron-scattering experiments at 300, 90, and 40

K.* The symmetry is monoclinic with two equivalent chains Z UY T X WT 32'7

with alternation of TTF and CA molecules along the stacking

axisa. This leads to 52 atoms per unit cell. Above 81 K, the  FIG. 1. Valence and conduction bands of TTF-CA in the high-
space group €12 /n1 and TTF and CA are located on temperature phas@00 K, on the top and low-temperature phase
inversion centers. At 300 K,a=7.40, b=7.62, c (3000 K, on the bottom Dots correspond to thab initio values
=14.59 A, andg=99,1°, and at 90 Ka=7.22, b=7.59, and curves to the tight-binding model presented in Sec. lIl.
c=14.49 A, andB=99,1°. At 40 K, the space group is .

P1n1 with a=7.fg, b—7.54, c—14.44 A, andp - 98.6°. WI2(1,1/2,0),W(1,1,0), 2(0,0,1), andS(1,0,1) in units of
TTF and CA are slightly distorded and displaced and form(& /2b*/2c*/2). _ _

DA pairs in a ferroelectric arrangement in thadirection. As the topological analysis requires very accurate electron

We performed electronic structure calculations within theden3|t|e§, we have first ve'r|f|ed that result; do not detgnorate
framework of DFT using the local density approximation When using only thre& points alongl’— X instead of eight
(LDA) parametrization by Perdew and Zung®rBecke’s and then m_creased the plane-wave cutoff_ to 50 Ry f_or the
gradient correction to the exchange endfggnd Perdew's Wave funcuon;. The subsequent j[opologlcal analysis was
gradient correction to the correlation enetgsthe main dif-  Performed using the new InteGriTy software pacléége:
ficulty in treating the molecular compounds of this family is Which achieves topological analysis following Bader’s
the presence of non-negligible contributions of dynami<:a|""ppr°""§:[112 on electron densities given on 3D grids. In order
electronic interactions of van der Waals type. They ard© obtain very accurate results, a grid spacing close to 0.10
known to be poorly described within traditional DFT ap- &U- has been choosen.
proximations, more advanced treatments being far too time
consuming for such complex systems. Nevertheless, we be- lll. AB INITIO BAND STRUCTURE
lieve that the presence of a significant CT betw8&eand A
makes ourab initio results reliable for the determination of
the occupied electronic states, especially inltpbase where
electrostatic interactions largely dominate.

We used the projector augmented waPAW) method®
which uses augmented plane waves to describe the full WavE: d to the strong anisotropy observed experimentally in
functions and densities without shape approximation. Th?ransport and excitation properti#s2°The detailed analysis
core electrons are described within the frozen core approxic-)f n(r) will be given in Sec. IV. '
mation. The version of the CP-PAW code used for all our T
calculations considers onlg points where the wave func-
tions are real. In order to increase the numbek gioints
alonga*, we had to double and triple the unit cell along the  The dispersion curves for the VB’s and CB’s are given in
a direction and our calculations showed that with thiee Fig. 1 for the experimental structures at 300 (Kigh-
points alongl’(0,0,0)—X(1,0,0) results are well converged temperature phageand 40 K (low-temperature phaseln
as for TTF-2,5CJBQ. The band structure calculations have both cases, they are separated by more than 1 eV from the
been carried out with a plane-wave cutoff of 30 Ry for theother occupied and unoccupied bands, forming thus a nearly
wave functions and 120 Ry for the densities, using elght isolated four-band system. The presence of two equivalent
points: 1I'(0,0,0), X/2(1/2,0,0), X(1,0,0), Y(0,1,0), chains in the unit cell related by a gliding plane makes the

Our ab initio DFT calculations in the crystal provide not
only the total electron density(r) but also for each band the
energies and wave functions at llpoints given in Sec. .
The present section is devoted to the sole valence bands
VB’s) and conduction band&CB’s) which are directly re-

A. Quasi-1D shape of valence and conduction bands
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VB’s and CB’s twofold, splittings in some particular direc-
tions being due to small interactions between the symmetry-
related chains. The dispersion is maximum aldng- X
which is the direction of reciprocal space corresponding to
the chain axisa.?*

The isodensity representation of the VB states are given in
Fig. 2. At 300 K fork=T" [Fig. 2(@)], the density is located
on TTF with a shape very close to that of the highest occu-
pied molecular orbita(HOMO) of TTF? At k=X [Fig.
2(b)], hybridization occurs and the density centered on the
acceptor molecule is similar to the one of the lowest unoc-
cupied molecular orbitalLUMO) of CA.% The same hap-
pens in TTF-2,5GBQ (Ref. 21 and is a direct consequence
of the presence of an inversion center in the crystal combined
to different symmetries of the molecular orbitals which are
involved. As the inversion center is lost at 40 K, hybridiza-
tion is no more symmetry forbidden kt=1" and the pairing
of TTF and CAis clearly evidenced in Fig(@ (DA pair on
the botton). In these figures one can identify the regions of
wave function overlap responsible for the intrachain hopping
integrals.

The dispersion is much less important alohg-Y,
nearly vanishing in the third direction and very similar for
both structures. As for TTF-2,5¢BQ,'! the band gap is
most probably indirectE,=0.05 eV at 300 K and 0.15 eV
at 40 K. It is well known that the LDA used in our calcula-

tions underestimates the gap of semiconductors; these values

are thus lower estimates of the true band gap. However, be-
cause of missing data, a direct comparison to experiments is
impossible. Optical absorption measureméstmwed a first
broad peak around 0.7 eV for tiNephase which is attributed

to the ionization of ond®A pair. It may correspond either to
band to band transitions or to an exciton peak. The optical
spectra of TTF-2,5GBQ (Ref. 2 shows a shift to higher
energies which is coherent with a larger calculated band gap
for TTF-2,5CLBQ: 0.14 eV in the high-temperature
structuret!

B. Tight-binding model

As shown in Fig. 2, theab initio VB’s and CB’s can be
interpreted in the frame of a tight-binding model as linear
combinations of the HOMO of TTF and the LUMO of CA.
One should emphasize that in such a model, hybridizations
with lower bands are completely neglected. The interaction
with deeper occupied states is nevertheless indirectly taken
into account via the values of the parameters, which are fitted
to the VB’s and CB'’s given by aab initio calculation of all
states. We will follow a similar procedure to the one used for
TTF-2,5ChbBQ, but here the task is more involved as we
have to handle four bands instead of two. Let us wWrit®)
and|r’,A), respectively the HOMO of TTF located at posi-
tion r and the LUMO of CA atr’. The VB Bloch functions
are then defined by

PHYSICAL REVIEW B57, 035120(2003

I' at 40K

FIG. 2. Isodensity representation of the valence-band states for

[wky =" ek Ra(CKIR, ,D>+C:§/|Rn+v,D’>+CL{f|Rn one chain(contours at 0.00_O.!I’/a._u?) of TTF-CA: (a) for k=T
n (right) and (b) for k=X (middle) in the high-temperature phase
Ik , (300 K) and (c) for k=TI" (bottom in the low-temperature phase
+7,A)+C, |Ry+ 7+ 1,A")). (1) (40 K).
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FIG. 3. Weights on the acceptE'X|? of the occupied valence
states in the high-temperature ph&360 K, on the topand low-
temperature phas@00 K, on the bottorn Dots correspond to the
ab initio values and curves to the tight-binding model.

Herel =1,2 is the band index®, corresponds to a primitive
translation;== a/2 represents a translation betwe®and D
along the chain axis angd=a/2+b/2+c/2 a translation be-
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FIG. 5. Definition of the interaction parameters between TTF
and CA in the &,b) plane.*xt is the hopping integral along the
chains. The orientation of the molecules in the chains parallel to the
a/2+b and—a/2+ b being different, the hopping integralsandt,
are also different.

The charge transfes,g from TTF to CA is given by the
mean value of the weights of the acceptors in the VB’s:

_} Ik Ik _V Ik
pus=3 S (CKR+(Ck = 5[ S ek
2

Figure 3 shows clearly that the increasepgf in the low-
temperature phase results mainly from additional hybridiza-
tion, which is no longer symmetry forbidden, in the whole
I'-Y-U-Z plane.

In order to model VB’s and CB’s in terms of a tight-
binding scheme, we define the on-site energies by
(D|H|D)=(D'|H|D")=Ey and (AJH|A)=(A’[H|A")
=Ef . Two families of intermolecular interactions have been
defined, the first corresponding to interactions between mol-

tween the two symmetry-equivalent chains, the moleculegcjes of the same species shown in Fig. 4 and the second to

from the second chain being denoted By and A’. The
molecular orbital§D), |A), [D’), and|A’) are calculated
using ab initio simulations for isolated molecules in their
experimental crystalline conformations. For e&gboint, the
weight|C{|? (j=A or D) is obtained by mean-square mini-
mization in the unit cell of the difference between thke
initio value of|[ ¥'(r)|?
deduced from expressidf). Figure 3 displays these weights

at the six corners of the reduced Brillouin zone used in thes

calculations for both the highdeft) and low- (right) tem-
perature phases. In the former, the valence band dt kea
pure TTF state for symmetry reasoKigAF =0. The band gap
separates nearly pui2 occupied states from nearly pufe
empty states in the whol&-U-Y-I" plane, whereas elec-
tronic states are of mixeD-A nature in theX-W-T-S plane.
In the latter, a significant mixing dD-A states takes place in
the whole Brillouin zone, for the VB’'s as well as for the
CB's.

FIG. 4. Definition of the interaction parameters between two

molecules(denoted hyj, j=D or A) of the same species.

interaction between TTF and CA shown in Figs. 5 and 6.
Due to the different symmetries of the HOMO of TTF and
LUMO of CA, the sign of the hopping integrals between
TTF and CA is alternately plus and minus. For example,
along the stacking chains one hé8,D|H|a/2,A)=t and
(a/l2A|H|a,D)=—t. The symmetry breaking in the low-

calculated in the crystal and the one temperature phase leads to additional terms so that the latter

hopping integrals become, respectivelly;e, and —t+e,
fhereas=t;, =6, ands] (i=1 or 2 andj=D or A) be-
come=xt;+e;, £6;+\; and s/ = !, respectively.

Using theab initio energies and the weight€}|? at the
six corners of the reduced Brillouin zone used in these cal-
culations, we determine the parameters given in Tables I-1lI
and the curves plotted in Figs. 1 and 3. Some parameters like
B and g, (Fig. 4) cannot be determined separately because
of the small number ok points available, but all these con-
tributions are found to be negligible. In Fig. 1 the degeneracy

R 4
62\‘\ ,’_el
e b
1 L’ O —02a

C

FIG. 6. Definition of the interaction parameters between TTF
and CA in the b,c) plane.
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TABLE I. On site energies and interaction parameteNd) be-
tween two molecules of the same species as defined in Fig. 4.

300K 40K 300K 40K
Eo 2.894 3.101 Ef 3.048 3.348
B2 0.002 0.001 Ba —-0.017 —0.024
8P -0.022 -0.005 pp —-0.023 —0.003
B2+ 8% 0.003 0.004 p1+pB5  0.002 0.003
&7 —-0.002 —0.003 o —0.004 —0.004
55 —-0.004 —0.005 55 —-0.002 —0.003

is lifted atI" due to the small interchain interactioss (Fig.
4), at Sdue to¢; (Fig. 6), and in the low-temperature phase
at Y due tou!. The 6, are also responsible for the small
HOMO-LUMO hybridization atY andZ (Fig. 3.

The transfer integrat-t along the chain axigFig. 5

dominates and its estimate is in agreement with previou

ones®?41821|n the low-temperature phasejncreases sig-
nificantly (Table 1) partly due to the lattice contraction and
partly to the symmetry breaking.As for TTF-2,5CBQ,

the main effect of the latter is expressed by the additional

parameter: which is as large as a third of(Table Ill) and
which leads to a large HOMO-LUMO hybridization in the
Z-U-Y-T" plane. The other additional parameters \;, and

vl have negligible values.

C. Towards a metallic state?

PHYSICAL REVIEW B57, 035120(2003

TABLE lll. Additional deformation parameter@V) due to the
symmetry breaking in the low-temperature phéé@ K) as defined
in Sec. Il B.

A

D,.D
v+ v, v+

v
~0.004

€ g1te; N1+ No

0.061 0.001 —0.002 —0.003

tween the on-site energigd,) the increase of the interaction
between two TTF molecules alomgy(|85|) which increases
the energy of the valence band“agnd (iii) the increase of
the interaction between the two CA molecules alar(¢34])
which decreases the energy of the CBl'a(Table 1V). The
cell contraction increases algsoresulting in a slight increase
of the weights of the acceptors in the VIEC'A‘ 2 in the
X-W-T-S plane from 0.36 to 0.38 and a very small variation
of pyg as observed experimentdilyoefore the transition.

©ne can notice tth',l‘ 2 in the X-W-T-S plane has already

reached at 90 K the value that we obtained at 40 K.

Of course, in the actual crystal, the charge transfer is
largely facilitated by dynamical effects in the vicinity of the
ransition temperature, when the gap becomes narrow. Ther-
mal 1D excitations fromD to A have already been
observed? They are precursors of the global changes in the
crystal which certainly involve intramolecular and intermo-
lecular vibrations. Calculations on &-D-A model
complexX® have recently shown that the CT variation occur-
ring in the VB (along the mixed stackr chaing induces an
intramolecular electronic redistribution, affecting deep mo-

Our calculations at 300 and 40 K present the e|ectronideCU|ar states as far as 10 eV below the frontier orbitals.
structure far from the transition. In order to understand how! hese deep states are also concerned in the hydrogen bonds
the band structure is changed by thermal contraction, wédlong OH chains resulting from coplanar alternatidgnd
performed also a calculation just above the NIT for the crysA molecules in théo*a/2 direction so that their modifica-
tal structure known at 90 K. The corresponding dispersiorfions are directly related to the lateral lattice contractions. In
curves are given on Fig. 7. They display a closed indirecthe low-temperature phase, the gap opens again between

band gap betweel andY, with nearly pureD occupied
states alY at a higher energy than nearly pukempty states

mixed D-A states both in the VB and CB, in the whole
Brillouin zone. This suggest an electronic mechanism for the

atT’, as our method imposes a fully occupied VB. This is of NIT where the electronic redistribution associated with the

course unphysical and is due to the DFT-LDA error on thestructural phase transition allows the crystal to avoid the me-
. . . H 8

band-gap value. It leads, however, to interesting conclusiondallic state’

(i) the thermal lattice contraction reduces the indirect band

gap in the neutral phase, going toward a metallic state, and
(ii) as this band gap closes, an electron transfer occurs nec-

essarily fromD to A in the vicinity of the transition tempera-

ture, leading to an increase of the ionicity of the molecules

even in a frozen lattice.

Within our tight-binding model, the band-gap decrease

results from(i) the decrease of the differen&—EY be-

TABLE II. Interaction parameter&V) between TTF and CA as
defined in Figs. 5 and 6.

300 K 40 K
t 0.167 0.206
ti—t, 0.003 0.005
0, 0.016 0.012
0, 0.005 0.010

IV. INTERMOLECULAR INTERACTIONS

The previous section showed that VB's and CB'’s are
clearly 1D. The aim of the present section is to explore thor-

37
TR
CB ‘
s {32
e | \
w \ |vB
\\ /.— \\\4
27

ZUY ' X WT s~

FIG. 7. Valence and conduction bands of TTF-CA for the ex-
perimental structure at 90 K. Dots correspond todhenitio values
and curves to the tight-binding model presented in Sec. lIl.
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TABLE IV. Parameters of the tight-binding modedV) mostly
affected by the structural changes occurring between 300 and 90 K.

300 K 90 K
Ef—ED 0.154 0.135
Jirs -0.022 -0.028
Ba -0.017 -0.022
t 0.167 0.189

oughly the total electron density(r) given by our first-
principles calculations. This is essential to elucidate all fea-
tures, not only the 1D aspects, presented by this NIT.

We could plot isodensity representationsngf) in some
selected planes to evidence the most important intermolecu-
lar couplings. But the presence of two chains per unit cell
related by a gliding plane makes it an endless task and Bad-
er's approactt is a clever manner to circumvent this diffi-
culty.

A. Bader’s theory

Within the quantum theory of atoms in molecufen(r)
can be analyzed in details by means of its topological prop-
erties. The topological features po{r) are characterized by
analysing its gradient vector fieMn(r). Here we will focus
on bond critical pointCP’s) whereVn(r) vanishes. They
are characterized by the density at the i§P.p), a positive
curvature {3) parallel, and two negative curvatures;(\»)
perpendicular to the bond path. The ellipticity of a bond,
defined ass=\,/\,— 1, describes the deviation from cylin-
drically symmetric bonds. For closed-shell interactions, fur-
ther information is obtained by using Abramdi?sxpres-
sion for the kinetic energy density, G(rcp
=3/10(37%)?Pn(rcp) ¥+ 1/6V?n(rcp), and combined with
the local form of the virial theorertt. the local contribution
to the potential energy density¥/(rcp) =1/4XV?n(rcp)
—2G(rep), Which have already been used to study hydrogen
bond strength&’ In the present worky(rcp) will be used to
quantify the strengttiintensity) of the intermolecular inter-
actions. It allows us to quantitatively compare interactions
between two or more atoms. This procedure is less specula-
tive than the comparison of interatomic distances to the sum
of van der Waals radiior related criteri?°® as van der

(b)

PHYSICAL REVIEW B57, 035120(2003

Waals radii are not defined with sufficient accurcy?and
fail to take into account different relative orientations.

B. Intrachain interactions

In the high-temperature phag&00 K), the strongest con-
tact within the chains is the one connecting t6 C;5Cy5

FIG. 8. Intrachain interactions in the high-temperature phase
(300 K, on the top and low-temperature phag800 K, on the
bottom). Diamonds correspond to the bond critical points and lines
indicate the bond path associated with each critical point.

Cls---Cy4, and C} - - - C4. These four latter atom-atom inter-

(Fig. 8 and Table VY. It corresponds to the one already visible actions show that Cl plays an important role for the elec-
in the VB (Fig. 2 and has thus a significant contribution tronic coupling along the chains. The acceptor in the middle
resulting from HOMO-LUMO overlap. It has a quite large (left) of Fig. 8 is coupled to TTF on bottorttop) by Cl;,
ellipticity which is related to the fact that interaction do not Cl;---C4,C, (S,) on the left side and GICl,---S;

occur between two atoms but rather betweegnaBd the

bridge of G3C;5. Such a 2D attractor is also found for the

(Cs5,C5) on the right side.
In the low-temperature phagd0 K), the pairing of the

interaction Gg: - -C.-C, which is 40% less intense than molecules inDA pairs is clearly visible on these local con-

the former and somewhat less thap- SCl,, S;---Cly,

tacts (bottom of the figure on the right part of Fig. 8 and
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TABLE V. Strongest intra-chain contacts for higB00 K) and
low temperaturé40 K) phasese andV(rcp) give respectively the Xea= 0 c
ellipticity and potential energy density (kJ. md) at each bond 2
critical point. At 40 K, intra and inter stend for interactions inside a — X =0
DA pair and between two DA pairs respectively. Xop=—1/2 TR
S
1
300 K 40 K intra 40 K inter ¢, ¢, b
€ V(rep € V(rep € V(rep Cl, 7'
H
S;--:CiyCis 74 —93 58 —165 c, [o, 2
S;---CisCig 7.4 —93 44 -78 Y tH,
S,---Cl, 1.3 -70 16 -106 S,
S,---Cly 13 -—-70 1.3 -—-78 M= 0 Xrp= =172
Cly---Cy 13 -67 13 -89 o ] ) )
Cly--Cs 13 -67 12 -87 FIG. 9. Interchain interactions in the high-temperature phase
(300 K). Diamonds correspond to the bond critical points, and lines
0, --S, 21 -89 indicate the bond path associated with each critical point.
Cly---Cq 22 -60 25 -81

and low-temperature phases;-O-H; in the OH chains is
stronger than © - - H, as it is shorter and more straight, the
S;---Cly 22 -81 CA and TTF molecular planes being aligned in the a/2
direction. The other strong interactions reported in Table VI

Cly- - Cs 22 —6.0 19 -6.8

Sy--Cly 13 -60 16 -78 have comparablé&/(rcp)’s to the intrachain ones given in
Sy -+ Cl 13  -6.0 11 -71 Table V but there are fewer of them in the same energy
Cp - C-C, 60 —56 range. , ,
Cu--Cy 45 117 In the low-temperature phase, the loss of inversion sym-

metry leads to two inequivalent distances for each contact.
As already discussed by Le Coing¢ al,* some of the dis-

| h ) h ) tance reductiongTable VI) are larger than those expected
Table V). The S - - Cy5:Cy5 contact remains the dominant g0 the thermal unit cell contraction which is about 1%

one with a 50% increase of its strength. Due to molecula%“ong b and c and 3% alonga directions. The hydrogen

reorientation, the contact,g - -C,-C;, has changed into @ 1,5 are the most affected and become 80% and 50% stron-
more atom-atom-like contact between &hd G,. Its inten- gor tor the short and long bonds, respectively. All other in-

sity has more than doubled, and with-$-Cy5Cy5 they  (aractions, except the long S H, bond, undergo a smaller
dominate all other local contacts. The latter have alsc’strengthening.

increased by about 35%, and additional strong contacts
0,---S, and S---Cl, have appeared. These contacts
confirnf that inside the pair, the CA molecule is essentially
connected to the left part of the TTF molecule below. Be- Most of the contacts discussed in the Secs. IV B and IV C
tween theDA pairs (top of the right part of Fig. B we  have already been pointed out on the basis of a detailed
observe a small decrease and a more atom-atom-like contagdmparison between interatomic distances and van der Waals
for S;- - - C14-Cyg Whereas the S -Cl and Cl - - C contacts
moderately increase, £I- - C5 being the strongest one. TABLE VI. Strongest interchain contacts for higf800 K) and
low- (40 K) temperature phaseg(rcp) corresponds to the potential
energy density (kJmol) at the bond critical pointd is the dis-
tance in A between the two atoms of the first columd. gives the

The interchain interactions can be split in two groups, theelative variation of this distance with respect to its value at 300 K.
first corresponding to interactions between two chains sepa=

D. Discussion

C. Interchain interactions

rated by a primitive translation aloriand the second to the 300K 40 K short 40 K long
interactions between two chains related by the gliding plane. V(rep) d V(rep) Ad - V(rep) Ad
ITI thedc_ direction the ch_ams are too far f_rom ea%h ottr;ler tool. - H, 163 235 —267 -7 % —243 —5%
allow direct atom-atom interactions. In Fig. 9 and Table VIS3. ..Cl, —68 357 —-103 -5% —87 —3%

we have reported the properties of the strongest interchaieI
.

contacts. For all of them except the two-CIH contacts,e s 6.7 303 ~108 —6% 8.0 1%
is quite small and the interactions are diatomic. In Fig. 9, it isO; - - -H, —-12.0 250 —-214 -8% —183 —-6%
clear that CJ interacts with the C-glbond. In TTF-CA, the cCl,---C,—H, -88 353 —-116 -3% -11.0 —2%
importance  of hydrogen bonds has already beers, .. .H, —-78 293 -104 -4% -71 +1%
underlined’**33Our results show clearly that they dominate cl,.. . cl, ~75 353 -91 -2% —81 —1%

all other intrachain and interchain interactions in both high
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radii.* Our results demonstrate that a topological analysis of V. CHARGE TRANSFER

the total charge density allows to go a step further. It leads to

a very precise picture of the atoms involved in the different CT is a key factor of the NIT’s but it is well known that it

contactgbond path and provides a quantitative way to com- js not a well-defined quantity and there are numerous ways

pare their shapee) and intensity{ V(rcgp)]. From Table VI to extract it from experimental or theoretical results. In

for the interchain interactions and Table V and Ref. 4 for theTTE-CA it has already been estimated from the intensity of

intra_chain ones, we find the foII_owing relation between theihe T absorption barfifrom the dependence on molecular

relative variations of the potential energy densy/(rce)  jonicity of either bond lengtisor vibrational frequencieX.

=(Vao k= Va0 )/ V3o k and the length of the bonddd | this section, we will use three different techniques to es-

= (dao k=300 W/d300 k: timate the CT between TTF and CA. The first two are based

_ on ourab initio calculations in the crystal while the third is

AV(rep)=—10xAd. ©) obtained from a model build on isolated molecules calcula-

Thus, the strengthenin@iminution) of a given contact de- tions.

fined by V(r¢p) is directly correlated to the reductiqaug-

mentation in distance.

All our results on TTF-CA show that HOMO-LUMO A. From the tight-binding model

overlap and hydrogen bonds dominate the intermolecular in-

teractions in both high- and low-temperature structures and Within our tight-binding model, the CT in the VB is ob-

drive the molecular deformation and reorientation occurringained by integrating the analytic expression|6f|? [Eq.

at the NIT. The other interchain contacts do not show any2)]. We have first estimategyg by using the parameters

peculiar behavior and are dragged along with the former. Irdetermined in Sec. Il B, leaving out all those which are

addition, many strong interactions inside and between themaller than 0.005 eV in both phases. A second estimate has

chains involve Cl atoms which must largely contribute tobeen obtained by keeping only the parameters related to the

stabilize these crystal structures. dispersion alondg’— X. In that caseLCR‘ 2 is given by

Ko L (EA—ED)
|CAl?=5— : (4)
2 2(EA—EP)%+4t?%sirf(k- a)/2+ 4&%cog (k- a)/2

Both approaches lead to the same valueg,gfindicated in  locate it approximately near the first absorption pédke
Table VII where the corresponding experimental values haveorresponding values have also been reported in Table VII.
also been reported in the last column. Even though experin the high-temperature phase, it produces a significant de-
ments lead to coarse estimates of the CT as its determinatigiiease of 0.16 whereas it is only of 0.08" in the low-

is always indirect, our high-temperature value seems totemperature phase. Thpgg as well as its variation between
large. Two reasons can be put forward to explain this dis300 and 40 K becomes in much better agreement with the
crepancy:(i) the tight-binding model is based on a linear experimental results.

combination of molecular orbitals of isolated molecules

which disregards their deformation due to intermolecular in- B. From Bader’s theory

teractions in the Crystal ar{d) the underestimate of the dy- Within Bader’s approach, a basin can be unique|y associ-
namical part of the electron-electron interactions due to theted to each atom. It is defined as the region containing all
LDA approximation. Among other things, the latter will af- gradient paths terminating at the atom. The boundaries of
fect the band gap which is directly included \E2 —E” in  this basin are never crossed by any gradient vector trajectory
Eq. (4). In order to get a feeling for the influence of the bandand atomic moments are obtained by integration over the
gap onpyg, We increased it by 0.5 eV in both phases towhole basin>*’ The CT between TTF and CA is obtained
by summing the atomic charges belonging to each molecule.

TABLE VII. Estimates of the charge transfe€T) from TTF to For this purpose very high precision is needed as we are

CA. looking for a few tenths of an electron out of a total of 116
Tight Tight Integration  Isolated  Expt, \_I/_alence electrons. The corresponding CT are reported in
L o ) able VII. These estimates are no more directly affected by
binding  binding atomic - molecules the band-gap error due to the LDA as they are based on the
By Egt05ev basin model sole occupied states. Accordingly, they are both at 300 and
300K 059 0.43 0.48 0.47 0201 40 K smaller than those obtained by the tight-binding model
40 K 0.72 0.69 0.64 060 o001  and thus closer to the experimental results. Nevertheless, in
the high-temperature phase, the CT seems still somewhat
®From Ref. 6. overestimated.
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C. From a molecular model stronger than in the neutral phase, so that the LDA error on

We obtained a third estimate of the CT by means of ghe CT should also be considerably reduced in the low-
simple model based on isolated molecules calculations whiciemperature phase.
will only be briefly reported in the present paper. Here, we In our tight-binding model we have clearly evidenced the
are |00king for the Charge transfer which minimizes the effect of the underestimate of the band gap. Within Bader’s
total energy in a fixed structure, i.e., either in the high- orapproach, the CT determination only relies on the occupied
low-temperature structure. The first contribution to the varia-States, but leads nevertheless to an overestimate in the neu-
tion of the total energy is the molecular or{€arloni tral phase. Regarding our model based on isolated molecules
et al®¥: calculations, it has been shown that the ionization energy of
TTF (Ref. 22 and the electron affinity of CARef. 23 are
1 correctly obtained within the gradient-corrected LDA ap-
AEmo,(p)zp(ef\— eg)+ EpZ(UD+ Ua), (5) proximation used in the present study. But our model takes
into account neither the atomic multipolar contributions nor
the polarization due to the crystal field.
e ) Thus, our three estimates are coherent and lead probably
energy of the relevant orbital in the reference state,dn 1, 5 correct determination of the CT in the ionic phase and a

the Coulomb_ rePUIS'Qn of an electron n that_ o_rb|taI. Thetoo large one in the neutral phase. At this stage, however, the
second contribution is the electrostatic one limited to the

Madel tributi / The atomic ch q discrepancy with the available experimental values has not to
adelung contributior;g; /t; . 1he atomic chargeg; an be attributed to the sole LDA problem, but also to the defi-
g; are deduced from PAW calculations on isolated molecules

by using a model density reproducing the multipole moments("t'on itself of this CT. A good way to check the rather high

of the true molecular charge denstyThe remaining contri- value obtained in this work at 300 K is to perform an experi-

butions to the total energy are usually accounted for by avaH1ental (;:ha,rge densnr)]/ acquisition by x-ray dlffra;:uon anld
der Waals term which is constant in a given structure and!S€ Bader's approach to extract an experimental CT value

which can thus be disregarded. The CT values given by thi§oherent with our theoretical estimate.
simple model are also given in Table VII.

where the reference state is the one without anya(?Ts the

) ) VI. CONCLUSION
D. Discussion

It is satisfying that all our three estimates are in close This is the first extensivab initio study of the electronic

agreement with each other in both low- and high-temperaturdound states of TTF-CA, prototype compound of the NIT's.
phases. At 40 K, they are also in good agreement with thdve shoulpl recall here that temperature_ is mclgded only via
experimental value. At 300 K, we observe a systematic ovethe experlment_al structures, all calculations being performed
estimate of about 0&2 with respect to the values obtained N & frozen lattice.
by Jacobsen and Torran€eur result being closer to the one ~ The valence and conduction bands are dominantly of 1D
deduced from intermolecular bond lengths €. character along the stacking chains and are essentially a lin-
This discrepancy may have different origins. First of all, ear combination of the HOMO dd and the LUMO ofA as
the CT is not a uniquely defined quantity as its evaluationn TTF-2,5C5BQ.! The weak molecular distorsion due to
relies on different(and not necessarily equivalg¢mnodels the symmetry breaking part of the NIT is responsible for the
based either on theoretical or on experimental results. Startnain contribution to the charge transfer variation. We found
ing from experimental data, the models can only be veryalso that the thermal lattice contraction leads to a decrease of
simple and most of the results published in the literature aréghe band gap in the neutral phase, going toward a metallic
based on the behavior of isolated molecules upon ionizatiorstate. This is consistent with the theoretical work of
bond lengths, intramolecular vibration frequencies, opticalAnusooya-Patet al® who found a metallic ground state at
spectra, etc., neglecting thus all crystalline effects apart fronthe transition which is unstable to dimerization. It has also to
the charge transfer on these molecular properties. be related with the metallic behavior observed by Saito
On the other hand, our theoretical results are based on thet al® in an otherDA alternating CT complex.
determination of the charge density. They are all affected by A detailed analysis of all intermolecular bond critical
the error due to the LDA approximation to the exchange-points shows that molecular deformation and reorientation
correlation potential. It is well known that this approxima- occurring at the NIT are driven by both the HOMO-LUMO
tion, even in its gradient-corrected version, underestimatesverlap and the hydrogen bonds. Quite many intermolecular
the dynamical part of the electron-electron interactions. lrcontacts involving chlorine atoms have also been evidenced.
weakly interacting systems where these dynamical effects Moreover, we have found a direct relationship between the
so-called van der Waals interactigrmse dominant, this leads relative variations of the potential energy density at the criti-
to an overestimate of the electron delocalization and armal point and the distance between the atoms involved in the
overbinding effect, together with an underestimate of thantermolecular bond.
band gap. An overestimate of the intermolecular CT is thus Three estimates of the charge transfer have been obtained
expected. However, it has already been shdviat in the  from our tight-binding model, from integration over the
ionic phase the multipolar static effects are considerablyatomic basins defined within Bader’s approach and from a
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simple model based on isolated molecules calculations. Alincrease of CT along the chains may then activate the hydro-
three estimates are in close agreement with each other amgn bonds via intramolecular electron-electron interactions
give a value of about 0.45 at 300 K and 0.6 at 40 K.  between the valence and deepr molecular orbitals? This
Experimental charge density collection on TTF-CA is underenables the whole crystal to topple into the ionic state at the
progress in order to check the rather high value obtained dtansition point and is consistent with the sudden decrease of
300 K. the cell parameteb.* Once the whole crystal has switched,

All these results provide a possible picture for the mechathe band gap opens and both VB's and CB’s have strong
nism of the NIT's. The energy dispersions in VB’s and CB’s D-A character, leading to a macroscopic change of the CT.
are mainly alongg* andb* with an indirect gap betweeh
and Y. Above the transition temperature, the VB has domi-
nantD character aty and the CB a puré\ character af".
When temperature is lowered, the slow decrease of the cell This work has benefited from collaborations witliin the
parameters induces a slow variation of all transfer integralsV,-ESF Research Prograif2) the Training and Mobility of
and the band gap progressively vanishes. There is a poifResearchers Program “Electronic Structurg€ontract No.
where the indirect band gap closes. Pockets of hol&ssad ~ FMRX-CT98-0178 of the European Union, an@) the In-
electrons afl’ appear which activate a new mechanism as+ternational Joint Research Grant “Development of charge
sisted by intramolecul&?®® and intermoleculdf® vibra-  transfert materials with nanostructures'Contract, No.
tions creatingDA pairs (and longer- - -DADA. - - stringg  00MB4). Parts of the calculations have been supported by
for which the inversion symmetry is locally broken. This the “Center Informatique National de I'Enseignement Su-
picture is consistent with the observed pretransitionnaperieur” (CINES, Francg We would like to thank P.E.
effect€® described as ionic segments in the neutralBlochl for his PAW code and A. Girlando for useful discus-
phasé®-*°sometimes called CT exciton strinf/sThe rapid  sions.
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