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The scattering law [ ( w )  of TTF-TCNQ at 77K has been measured between 35 and 455 meV 
(280-3670 cm-') by inelastic neutron scattering. The data have been corrected for background then 
deconvoluted by a resolution function established for the spectrometer INI-B (I.L.L.) and for a 
powder sample. They are finally compared to the infrared and Raman measurements available. 

INTRODUCTION 

This work is concerned with the experimental determination of the dynamical 
properties of TTF-TCNQ by inelastic neutron scattering. The starting point 
of this study is a better understanding of the high frequency conductivity 
mechanisms in TTF-TCNQ. In a model for the conductivity based on small 
polarons hopping,' it was predicted that one would expect a strong correlation 
between the optical conductivity and the one phonon density of states in TTF- 
TCNQ. In order to check this prediction we have measured the inelastic neu- 
tron cross section of TTF-TCNQ in the frequency range 280-3670 cm-'. 

Physics Abstracts: 61-IOD. 72-15N 
'associated to CNRS 
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I78 R. ALMAIRAC el at. 

In a first section we describe in details the methods used to correct for back- 
ground and to  deconvolute the data. To this purpose we establish a resolution 
function for the spectrometer IN 1-B (Institut Laue-Langevin-Grenoble). We 
present a summary of deconvolution in the case of TTF-TCNQ at 77K. The 
second section is a brief discussion of the results obtained. The infrared and 
Raman mea~urements~-~  of vibrational modes in TTF-TCNQ are recalled 
for comparison. A more detailed discussion about TTF-TCNQ dynamics 
will be soon presented in another paper. 

I MEASUREMENTS AND DATA PROCESSING 

The sample, consisting in 3.16 g of non deuterated TTF-TCNQ crystalline 
powder, was put in the form of an homogeneous coat sealed in an aluminium 
envelope. Its thickness was calculated so as to get a total scattering cross sec- 
tion of 10%. The differential cross section, which is essentially incoherent, was 
measured on the spectrometer IN1-B (hot source of the reactor) by scanning 

200 300 400 (rnev) 500 0 100 
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1000 2 0 0 0  

FIGURE I 
monochromators overlap. The lower curve represents the vanadium spectrum. 

Measured specirum of TTF-TCNQ ai 77K. The energy ranges of the different 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

3:
09

 2
3 

Fe
br

ua
ry

 2
01

3 



DENSITY OF STATES IN TTF-TCNQ 179 

the incoming energy. In order t o  cover the whole range from 35 t o  455 meV, 
we have used successively the (1 1 l ) ,  (002) (220) and (331) Braag reflexions of 
the copper monochromator by rotating the crystal around a vertical axis par- 
allel to the [ l  TO] direction. The scattering angle at the sample was maintained 
at a constant value of 40 degrees. The beryllium filter in front of the detector 
was cooled to liquid nitrogen temperature in order to increase its efficiency. 

In order to determine the background the sample was replaced by a sheet of 
Vanadium with the same total cross section of 10%. The Figure 1 shows the 
TTF-TCNQ and Vanadium spectra. 

0 

Background subtraction 
The discordance of measurements in the energy overlap ranges, for instance 
250-280 meV, is due to the change in geometry when a monochromator is sub- 
stituted to another. Unfortunately a simple subtraction of the vanadium curve 
from that of TTF-TCNQ is insufficient to give a satisfactory correction. 
Consequently we had to find an analytical statement for background giving a 
more coherent corrected spectrum. Figure 2, which shows the background per 

I I I L 

4o I ~. ~~~ 1o1o , 2;O , 3yO , 40,O (rnevl ,  5 
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180 R. ALMAIRAC et al. 

second for the four reflexions ofthe monochromator, gives the key ofthis ex- 
pression. We assume the background per second to be of the form: 

Where 

A i  B = - + b .  
wa 

B represents the background per second, 
w represents initial energy, 
b represents the surrounding background per second, 

A i  is connected to the geometry of the monochromator and depends only on 

(Y is a real. 
the Braag reflexion used, 

The best agreement with the measured data is obtained with b = 0 and 
(Y = 0.80. The Aiparameters were calculated in such a way as to realize a con- 
tinuity all over the corrected TTF-TCNQ spectrum. The full determination 
of the four A ,  parameters is based upon four conditions: the three conditions 
on corrected spectra overlaps to which we have associated an additional con- 
dition by assuming that at  440 meV, the corrected spectrum is zero. We thus 
obtain the spectrum in Figure 3. 

RESOLUTION FUNCTION 

The calculation of the resolution function of the apparatus is derived from the 
method previously used by Dorner6 for the three axis spectrometers. Accord- 
ing to this author, the number of neutrons reaching the detector per second is: 

Where: kiand kjare the neutron wave vectors before and after the sample (see 
Figure A-1 in appendix l ) A  ( k i )  = A ( T)e-k:’2k+reflects the dependance of the 
source spectrum with the heavy water temperature.p(ki) is the probability for 
a neutron coming from the source with a wave vector k, to reach the sample. 
p(k,) is given by Dorner’s formula (33); hi = dki&iydki,,p(k/) is the proba- 
bility for a neutron coming from the sample with a wave vector kf to pass 
through the Beryllium filter and to be detected. dvj = dk&/ydkjZ, 

is the scattering law [ (Q ,o )  where Q = ki - k/, w = (# /2mN)(k f  - k j ) ,  
[ ( Q , w )  is related to the inelastic neutron cross section by: 
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DENSITY OF STATES IN TTF-TCNQ 181 

0 100 2 0 0  300 400 (meV) t 
I I 

RESOLUTION FUNCTION 

I 

CU (331) 

\ A 

FIGURE 3 
ure shows the change of the resolution function (calculated) along the whole energy range. 

TTF-TCNQ spectrum at 77K correctedfor background. The upper part of the fig- 

The functionp(kf) also brings in the energy response of the beryllium filter for 
which we chose a gaussian: 

f# /2ms) ’k :  

2 d r  

Where ( Y B ~  characterizes the filter’s energy cut-off. The reason for this some- 
what arbitrary choice was its simplicity. Note that this function can represent 
the Be filter response only if the integration on kfis restricted to  the positive 
range. The detailed calculation of the function p ( k f )  is given in appendix 1. 

The number of neutrons reaching the monitor per second is given by: 

A measurement performed with a monitor preselection, when the spec- 
trometer is set on the incoming energy EI:  
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gives the ratio: 

R. ALMAIRAC el  at. 

J(w0)  I (  W O )  = kr - 
Jo 

Where 

Qo = k i  - kF, 

with kr = initial mean wave vector, 
and k F  = final mean wave vector selected by the beryllium filter. 

(4) 

The energy dependance of the monitor efficiency has been taken into account 
through the term in kr in (4). 

Changing to the sample variables, Q and w ,  one gets 

J ( W O )  = 1 1 t ; (Q,w)F(Q - Q o ,  w - wo)dQdw (5-A) 

with 

F ( Q  - Qo,w - W O )  = S, A ( k i ) p ( k i ) p ( k / )  S [ Q  - (ki - k/)I 

1 4 
X 6 [ w - ( k f  - k j )  dv,dv/ (5-B) 

Since sample is a crystal powder, [(Q.w) shown in (5-A) actually represents 
an average over all the possible orientations of the axes of a TTF-TCNQ cell 
and depends only on 1 Q I .  On the other hand, since Q takes its values in a 
volume A Q  (Figure A-l), which is large compared t o  the volume of the recip- 
rocal cell of TTF-TCNQ, the wave vector of the scattering process measured 
(q 4- 2 m  = Q for a one phonon scattering), takes all possible values in the 
Brillouin zone (for example at 150 meV AQ - 0.85 A-' whereas a* = 1.65 A-', 
b* = 0.51 A- 'andc* = 0.34A-';theconditionAQ 2 a*/2,b*/2,~*/2isreal-  
ized). As a result, the measurement can only give an average function t;( Q ,  w )  
which we call [ ( Q O , ~ ) .  The expression of J(w0)  then becomes: 

Where we have introduced: 

I'(Qo,w - W O )  = F ( Q  - Q o , ~  - wo)dQ (7) d 
We define the resolution function R( Qo, w - 00) using (4) and (6): 

= 1 s ( Q ~ , ~ ) R ( Q ~ , ~  - w o w w  (8-A) 
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DENSITY OF STATES IN TTF-TCNQ 

with 
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lgeM , - I / 2 ~ ~ g ’ ~ ~ / u ’ [ ( w / c w ~ ~ k ~ / 2 r n ~ ~ ) ’ ‘ - l ] ’ + k ~ / 0 . 2 3 2 o ~ , ~ k ~ d k  =5F4- / / (9) 

Where OM and kl depends on W O .  

The calculation ofR(Q0, w - W O )  includes a numerical integration coming 
from the beryllium filter response. The angular widths of the beams which 
come inR(Q0, w - 00) through the geometrical factor v have been expressed 
as function of kr(k l  a w;”) due t o  the displacement of the monochromator. 
The only parameters to introduce in the calculation of the resolution are thus 
the effective widths of the source, monochromator and sample, the mosaic 
spread qMof the monochromator and the energy width of the Beryllium filter. 
The isolated peaks in the measured spectrum allow us to  adjust these parame- 
ters taking into account the fact that the apparatus function cannot be larger 
than the measured peaks. 

Several examples of the resolution function calculated by this method are 
given in Figure 3, while Figure 4shows thecalculated width for the four mono- 
chromators on the whole spectrum. Note the small energy shift of the resolu- 
tion function from the value w0(-3 meV) originated from the Beryllium filter 
response (Figure 3). The instrumental width goes from 5 to 40 meV when wo. 
runs from 40 t o  420 meV, despite the fact that in relative value, the resolution 
keeps a fairly constant value of 9% (from 7% t o  11%). The C u  (200) has a 
much better resolution than monochromators Cu ( 1  11) et Cu (220), this being 
confirmed by the data (77 meV and 123 meV peaks in Figure 3). The same 
applies to Cu (331) which has a better resolution than Cu (220) in the energy 
overlap range. 

DECONVOLUTION 

T o  proceed on to deconvolution, we adjusted a theoretical curve [( Qo, w )  to 
the backgroundcorrectedspectrumJ(wo) bya method ofleast squares. ~ ( Q o ,  w )  
is not an  analytical function, however in order t o  perform the adjustment we 
have approximated ( w )  by an analytical function 5 Qo, w ,  6 w )  near every 
frequency: this approximation is expected to be valid in a frequency range 
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184 R. ALMAIRAC er ul. 
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FIGURE 4 
range. 

Vuriurion of rhe widrh of the resolution function (FWHM), along the whole energy 

equal to twice the resolution width around w. The set of functions Cnaly(QO, 
w, Sw) obtained by this method allows us to construct the function 

rr<Qo, w) = i n a i y ( Q o ,  w,O) 

which constitutes the deconvoluted spectrum. We choose f o r t  ( Qo, w, 6w) the 
sum oftwo “Lorentzians” whose widths were fixed at 1.5% ofw, the amplitude 
and position being the free parameters of the fit. Thus, we get the curve on 
Figure 5 .  The choice of Lorentzians (rather than any other function) can seem 
arbitrary so we checked that the set of points i( Qo, w) directly convolved to 
the resolution function gives back the background corrected spectrum. 

Geneally speaking, stronger is the peak, smaller are the error bars on the 
position and on the force (area). Our analysis does not permit to  yield in a 
precise way the width of the lines. However we note on this curve, that the 
adjustment method used does not restrict the value of the linewidths. An ex- 
ample is given by the peaks at 90 meV and 102 meV which, although very 
close, have very different widths (2.5 meV and 3.7 meV). 
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DENSITY OF STATES IN TTF-TCNQ 185 

I I I I 
I 0 0  200  300 

T T F - T C N Q  ( 7 7 K )  

T 

FIGURE 5 Deconvolutedspecirum of TTF-TCNQ at 77K. Some error bars are indicated: the 
vertical segment stands for the estimated amplitude error, while the horizontal segment stands for 
the estimated error on frequency. 
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186 R. ALMAIRAC er al. 

II DISCUSSION 

The scattering law on Figure 5 ,  which we will henceforth call { ( w )  has a very 
complex structure. We can nevertheless distinguish three regions. In the re- 
gion from 320 to  1620 cm-', [(w) shows a basis whose intense and very broad 

50 100 150 200 (mev) 
I I I I I I I  1 1 1 1 1 1 1 1  1 1 1 1  

20 

TTF-TCNO ( 7 7  K )  

I 

I 

. 

0 -  

(b) I I I  I I  I I 
TTF 1 1  1 111 

(" TCNO 
11 II 

II T 

t t t +  t t t t t  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

FIGURE 6 Scatrering law ( (w)  of TTF-TCNQ ar 77K compared wirh the infrared and Raman 
results. The infrared resultsare indicated on (a), (b) and (c), taken from references (2). (3)and (4). 
respectively. The Raman bands (d) are taken from the paper of Kuzmany er al. ( 5 ) .  Assignments: 
bands assigned to TTF are above the horizontal line, bands assigned to TCNQ are be1ow;dashed 
lines = not assigned; bands marked with a circle are assigned to the complex. The length of the 
lines indicates the strength: v.w., w., m., s., V.S. . . . The arrows below the [(w)curve indicatethe 
positions of the peaks measured at half maximum. 
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DENSITY O F  STATES IN TTF-TCNQ 187 

maximum is centered around 1130 cm-’, on this basis are superimposed well 
defined lines, the strongest of which is situated at  725 cm-’. The 1620 to 2820 
cm-l intermediate region presents a basis with no  precise structure and whose 
amplitude is much weaker than the former. We distinguish only a very broad 
peak centered at about 2280 cm-’ (the shoulder at 2500 cm-’ on the side of this 
peak is probably due to a defect in background correction). The very intense 
peak centered at 3080 cm-’ constitutes the third region. 

For  the interpretation of[(w) we will limit thediscussion t o a  briefcompar- 
ison with the infrared and Raman results (Figure 6). Infrared absorption spec- 
tra at room temperature were measured by different authors with different 
experimental giving bands whose frequencies fairly rarely coin- 
cide. The bands determinated by Aharon-Shalom er al. in infrared on mono- 
crystal as well as the Raman scattering lines measured on monocrystal by 
Kuzmany er al.’ are indicated with their strengths and their assignments. Let 
us not that, since these optical spectra are sensible only to the zone center 
modes i t  is somewhat illusory to look for a peak to peak coincidence of [(o) 
with infrared and Raman measurements. Furthermore, since hydrogen has a 
verystrong incoherent scattering cross section, we practically see through [ ( w )  
only the vibration modes inferring displacements of the hydrogens. We can 
thus explain the very strong amplitude of the peak corresponding to  the C-H 
stretching mode at 3080 cm-l in excellent agreement with the determination of 
Aharon-Shalom et al. We can also understand why the second region, which is 
the region of the CN group vibrations, does not include any intense peak. Fi- 
nally, let us note that the first region of [ ( w )  corresponds fairly well t o  the 
group of the lines determined by Aharon-Shalom and Kuzmany. 

In detail, no precise correlation between the peaks of [ ( w )  and those ob- 
tained by optical methods can be established. It is evident that, u p  to this point 
an assignment of the maxima of l( W )  is necessary. A more complete discussion 
using measurements performed with TTF alone, TCNQ alone, as well as the 
present measurements will be presented in another paper. 
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APPENDIX 1 

We present a practical formulation of the resolution function defined by: 

JO 

where 

and 
I- 

We characterize each basic element of the spectrometer by its mosaic spreads 
(q. q’) or by their horizontal and vertical angular widths ( 0 ,  p) .  From one 
element to the other the neutron beam is characterized by horizontal y and 
vertical 6 angular coordinates, by its incident and scattered wave numbers k 
and their modulus. The Table I precises these notations for all the elements of 
the apparatus. 

TABLE 1 

Definition of the angular variables used in the appendix. 

ou tput  
Mosaic spreads angular variables 
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DENSITY OF STATES IN TTF-TCNQ 189 

The scattering diagram is schematized on Figure A-1. Taking into 
account that k i  = kI + Aki = k ,  we obtain with Dorner [(6)-formula (33)]: 

p (k, ) dv I 

I /2[( y ,  + 2( A&,/k , ) tgOdo,  )J  +( y ,  +(Ak,/k,)tgO,/q,)' PM(k;) e -  
- PI - 

JB: + 47jL sin' OM 

+(y, /od'+(  1/(,$+4q%in%,)+ I/&)s:] 2 kd(Aki)dy4d&, (A-4) 

On the other hand: 

cp(k,)kjdk,d?Sd& * (A-5) ( kF) hF = e-~i/2vie-d:/27": 

We consider the set Be-filter-detector as a collimator for which the probability 
of neutron's transit is given by Cooper and.Nathans.' Furthermore, this prob- 
ability is limited by the energy acceptance of the beryllium: a good approxima- 
tion of this function seemed to be a gaussian of the form (at 77K): 

cp(k j )  = e-Ej/20'a e-k1/0.4650'a(,rf in meV and k i n A-') ,  (A-6) 

S A M P L E  

1 P O W D E R I  

D E T E C T O R  0 
FIGURE A-1 ExperimentalsettingofINI-Banddrawingofthescatteringprocessin the recip- 
rocal space. 
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I90 R. ALMAIRAC el al. 

where a& corresponds t o  cp(E,) = 1/2 for Ef = 2.5 meV. 
Calculation oflo: 
set: 

After integration of A-3 over 64, y4, and Ak,/kI ,  and if we 

and 

we have: 

Calculation ofF(  Qo, W O ,  w - wo): After integration of A-2 over 65, y5,& and 
y4, and eliminating the variable k i ,  through Dirac's distribution, taking into 
account that k f  = 2mNdlri + k j  and k:  = 2rn~wo/A, one is left with: 

where N is the number of cells in the sample. 

R(Qo, w - 0 0 ) :  

We finally obtain, according to A-I, the following expression of 

(A-10) tge, 
R(Qo,w  - W O )  =%---SO, 

k: v 

where X is a normalization factor, kl and are functions of W O :  

Ow = Arc sin 1.252 j T  (for the Cu) (A- 1 1) 

The analytical calculation of R ,  possible under some assumptions, leads to a 
complicated expression of R(Q0, w - w). So, it is more advisable to retain 
the form (A-8) which can be easily calculated by a numerical integration. 

The fact that we have used four different reflexions of the copper mono- 
chromator from one hand ofthespectrum to  the other, and that, furthermore, 
the geometry of the diffractometer varies with the energy for a given reflexion 
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DENSITY OF STATES IN TTF-TCNQ 191 

ofthe monochromator, leads to the following expressions of the widths ( Y I  and 
(Y2:  

(A-12) 

where 

L = meter 
I ,  is the radius of the source 

I ,  the half-width of the monochromator 
Pm expresses the calculated variation oftheefficient area of the monochrom- 

ator as a function of the Braag reflexion used. 

P m  (rad) 0.616 1.571 0.000 0.23 1 

I ,  is the half-width of the sample, 
L , d  is the distance source-detector projected on the axis source-mono- 

chromator. 
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