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We describe a microwave technique to measure the directions and magnitude of the
principal electrical conductivities and permittivities of organic conductors. The method
is applied to single crystals of triethylammonium-bis 7,7,8,8-tetracyano-p-quinodi-
methane (TEA.(TCNQ),) and of tetrathiafulvalenium-7,7,8,8-tetracyano-p-quinodi-
methane (TTE.TCNQ). For the former, the apriori set of principal axes (a*, (a*/\¢), ¢)
is confirmed with principal conductivities of 430, 5.3 and 0.41-0.77 ~'m~' respec-
tively. The room temperature permittivities have been measured for the first time
(e} ~ 5.4-5.5, €:n. ~ 7.5). For the latter it is clearly shown that the principal electrical

axes are {a, b, ¢*) and, in contrary to earlier d.c. data, we observe o.. < g, which is
more consistent with the anisotropy of interchain interactions in this compound. The
observed transverse and longitudinal anisotropies (~3.3 102 and 2.8 10° respectively)
are larger than believed up to now.

Keywords: microwave, electrical conductivity, permittivity, anisotropy,
organic conductors, TEA.(TCNQ),, TTF.TCNQ
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. INTRODUCTION

The large electrical conductivity anisotropy typical of organic con-
ductors is a consequence of the intra and inter-chain coupling aniso-
tropy. The corresponding band structure and the Fermi surface
anisotropy play a major role in the physical properties of these solids.
It has been demonstrated! that the conducting state may be stabilised
to low temperatures by bi- or tri-dimensional interactions, while a
quasi one-dimensional metallic state—such as in TTF. TCNQ-—is
often destroyed by metal-insulator instabilities at temperatures of the
order of a few tens of Kelvin.

The conductivity anisotropy is thus an important but rarely known
parameter. In fact compounds for which two (or even only one)
transverse conductivities have been measured, are very few. Since
these materials often crystallise in the triclinic symmetry, no principal
axis is constraint by symmetry to a specific crystal axis and the con-
ductivities measured along crystal growth axes by means of conven-
tional methods (e.g. the d.c. four-probe technique) are not necessarily
the principal values.*

In the following we show on TEA.(TCNQ), and TTF. TCNQ sam-
ples that a microwave approach to principal conductivities is possible.

. THE MICROWAVE METHOD

The method is that of Buravov and Shchegolev® extended to aniso-
tropic dielectrics.*

I.1. Experimental set-up

The experimental set-up is made of a Gunn oscillator controlled by
a Varactor (V.C.0.) which allows for a frequency scan range of
=20 MHz about the frequency corresponding to the mechanical tun-
ing of the source (=9400 MHz). The cavity works in transmission
(TE},; resonating mode), with detection via a thermistor and a
microwattmeter. The transmission coefficient of the empty cavity is
T, = 0.25, its resonance frequency is 9404 MHz and the quality
coefficient is Q, = 1000. The quality coefficient Q; of the loaded

* e.g. Cooper? argued that the stacking axis in the Bechgaard salt (TMTSF),CIO,
is not a principal conductivity axis.
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cavity is determined from transmission measurements:

0, = Qo(TlfTo)l/2

The sample, a single crystal glued at the end of a silicon rod able to
rotate around its axis, is placed at the centre of the cylindrical resonant
cavity. The presence of the rod removes the degeneracy of the res-
onant mode; the microwave field E, at the cavity center is linearly
polarised in a direction perpendicular to the silicon rod.

I1.2. Perturbation due to an anisotropic dielectric sample

Let us first assume that the cavity volume (V) and the microwave
penetration depth are large compared with sample volume (v) and
sample thickness respectively. We now define (x, y, z) a set of
orthogonal axes attached to the sample, z being the rotation axis of
the silicon rod holding the crystal. The microwave field axis E; is
orthogonal to z and makes an angle B (0 to 360°) with the sample
axis x.

Then the electric measurements will be made in the x, y plane in
which x" and y’ will be the observed orthogonal principal directions.
x" and y' make an angle 8 with x and y respectively (Figure 1).

1
Y'\\ ° /’X'

Xy

FIGURE 1 Sets of orthogonal reference axes in a plane normal to the sample rotation
axis.

Eq: microwave field axis; x, y: geometric axes, the cross-section of the sample is
assumed to be rectangular with x orthogonal to its long side; x', y': the principal
electric axes in the x, y plane.
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The sample polarisation P and the electrical field E§ into the sample
are related through the electrical susceptibility tensor x which is
diagonal with respect to directions x’ and y’. If ¢, is the vacuum
permittivity, the relationship is:

P=exE (1)
For x, y axes (1) becomes:
P=eKE; 2)

with K = R~! xR, R being a rotation matrix associated with the
angle 6.

_The relationship between the field at centre of the perturbated
(EO) and unperturbated (E,) cavity is also tensorial:

- - LP
Ef = E, — — (3)
€
with the form factor tensor

L, and L, being the depolarisation coefficients along x and y re-
spectively.

The empty cavity resonance is characterised by a complex fre-
quency w = wo(l + j20,) with @, the frequency at the resonance
and Q, a quality coefficient. The perturbation dw/w, due to a sample
given by Ref. 5:

d_w__PE(’fv @)
w, AW

where W is the electromagnetic energy stored in the cavity. If [ is
the unity tensor equations (2), (3) and (4) lead to

dw v S -
—_—= —mK[l — LK| "V Ey- E¢ (5

Wy
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andif A = K[I — LK]! we get:

dw

g

= —alA,cos?B + A,sin’B + 2A;sinBcosP] 6)

with a a coefficient which, in the theory, depends on the resonance
mode only (a = 2.09 v/V for the TE},; mode). Thus we finally get:

A =[Ki(1 + L,Ky) - L, K3|/D
A, = [K(1 + LK) — L, K3]/D (M
A; = K3/D
withD = (1 + LK) + L, K;) — L, L, K3
It is possible to reverse the relationships (7) if A;L#and A,L, # 1

to get the coefficients K; from the A/s which can be measured
(see equation 6):

K, = Lz(A1A2 - A%) — A1 h
VUOLL(AY - AA) + AL + AL, - 1
— A2) —
K, = - L,(4,4, D - A L (8)
LlLZ(A3 - AIAZ) + All‘l + A2L2 - 1
K. = As(1 + LK) A1 + LK)
T 1 - AL 1 - A,L, ]
From (8) we get the y;’s:
x1 = K; cos?0 + K, sin?0 + 2 K sinf cose} ©
x> = K;sin®0 + K, cos?0 — 2 K sinf cos
with
0 = ltg“ 2 Re(K3)

2%  Re(K, — K))

if Re(f) and Im(f) are the real part and imaginary part of f respec-
tively.
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In the particular case of an anisotropic medium with 6 = 0 then
K, =x1, K, = X2, K5 = 0and A; = 0 and:

X1

K, = A/(1 - AlLl)} W)

K2 = Az/(l - A2L2)

X2

Since dw/w, = dF/F, + j d(1/2Q) if we take dF/F, = & and
d(12Q) = A we come back to the Buravov and Shchegolev? expres-
sions:

Re(x) = (¢, — 1) =

“ (11)

o
gw L (a/L; — 8)* + A? J

Im(Xi) =

with i an index related to the E, position (i = 1 if E /%, i.e.
B=0%i=2if EJ//yie B = 90°).

In the general case, the  dependences of 1/a dF/Fo and 1/ad(1/2Q)
are sinusoidal with extrema at:

1 [ Reay)
2% | Re(a, — 4y

1 Im(2A,)
P2 = 2tg [Im(Al - Az)]

B
(12)

If6 = Othen B, = B, = 0 or w/2.
The relative shift AB = (B, — PB,) is interpretable only in the
dielectric case.

I.2. Skin effect perturbation (6 = 0)

If the sample thickness is larger than the microwave penetration depth
the variation (A) of the inverse of the quality coefficient (Q)
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is a function of the sample electrical conductivity (o) in the field
direction:6

9w (pem)'? 3-b

A 25 €F > Lal”?2

(13)

with: b half the minor axis of an ellipsoidal sample; ., the vacuum
permeability; F the microwave frequency; L the depolarization coef-
ficient; & the frequency cavity shift which is, to a first approximation,
independent from sample electrical properties. This last parameter
is given by the following relationship.”

L
5 = ~3[1 + EA] with —A <1 negligible  (14)
L a o

I.3. Application to organic conductors

The above equations are only valid either for a pure dielectric regime
or a pure skin-effect regime and, in practice, the analysis is intractable
for intermediate regimes. Therefore due to the large conductivity
anisotropy of organic conductors care must be taken that experi-
mental conditions are close to one of the two limit case. If the con-
ducting chain axis is set parallel to the microwave field direction (E,),
we measure oy which is generally large. Then equations (13) and (14)
for the skin-effect regime hold. If the chain axis is set perpendicular
to E, we will measure one of the transverse conductivities (o). If
the latter is small enough we can use equation (10) corresponding to
the dielectric regime.

The limit between dielectric and skin effect regime is for
o = 100 Q~'m~!. However, if 10 < ¢ < 100 Q" 'm~! and € = 10
simplifications occurs in the Buravov and Shchegolev expressions (11)
in the case 8 = 0:

dw ; .
— = —— € is not measurable
(D5 L;‘
1 €oW; (dw/o); 1
d<2_é) - L%, and 00 = € L; d 1
20/,

with i an index referring to measurement directions x and y.
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One of the major problems in the microwave measurements is the
evaluation of the cavity filling coefficient () and of the depolarisation
factors (L,). They depend on the sample shape and « is even modified
by the presence in the cavity of the silicon rod holding the sample.
For these reasons we have tried to obtain experimental estimates of
these coefficients with the help of metallic (copper) and dielectric
(germanium) standard samples.

These measurements have shown that « is a function of sample
volume (v) and orientation (B) in the cavity but, as shown later,
depends little on its nature (dielectric or metallic). For the orientation
effect we have observed the approximate relationship:

a(B) = a,cos’B + a,sin’B

and thus for each sample «;, and o, can be estimated from standards
cut with the same dimensions as the sample.

In a test experiment done with a germanium standard (4.30 x 3.40
x 1.70 mm?) rotating around its long axis we have obtained:

a, = 1.2410°3 a, = 0911073
L, =055 L, = 0.17

and from a copper sample:
a, = 1.12 1073 a, = 0.97 1073

Osborn® charts and formula applied to an ellipsoidal volume with
axis lengths equal to the above sample dimensions give:

L, =05 L,=024

in reasonably good agreement with the observed values. This ap-
proximation is thus satisfactory and will be used to estimate the L/s
for each real sample. The measurement of the L;’s together with the
o’s from the dielectric standards would have been more accurate,
however, owing to sample smallness, metallic standards are easier to
accurately cut at crystal dimensions by means of spark machining but,
in turn, do not allow for the L;/s measurement.
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lll. MAGNITUDE AND DIRECTIONS OF THE PRINCIPAL
ELECTRICAL CONDUCTIVITIES IN TEA.(TCNQ),

TEA.(TCNQ), crystallises in triclinic P1 symmetry (Figure 2) and
thus, as already stated, no crystal direction is an obvious principal
axis. However, following Ref. 9 an apriori set of principal axes
(a*, ¢/\a*, c¢) may be assumed from the crystal structure.!® In fact
this compound is very one dimensional and the TCNQ stacking axis
is the highly conducting principal axis (o). The principal axis with
lowest conductivity is expected to be normal to the (b, c) sheets of
TEA cations which act as insulators between adjacent TCNQ columns
in the a* direction.

Since reliable room temperature conductivity data®!! are available
for TEA.(TCNQ),, this compound was a good candidate to dem-
onstrate the validity of the microwave approach to measurement of
the anisotropy of electrical properties in organic conductors. This test
experiment nevertheless gave a new result: the first estimate of the
room temperature anisotropy of the transverse dielectric constant (€)
in that material.

- /- " -
(0io)]| | -~ 7 [L(110)

A

(110}

(171 q

FIGURE 2 Habits of TEA.(TCNQ), single crystals according to Refs. 22 and 12.
The dashed lines indicate a {001} cleavage plane.
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Ili.1. Experimental part

Samples were single crystals of TEA.(TCNQ), grown from aceto-
nitrile solution under controlled conditions*? and showing the natural
faces displayed in Figure 2. They were cleaved along {001} from
crystals =1 mm thick along a* to the appropriate dimensions (Table 1)
and glued with different orientations to the sample holder, a silicon
rod.

TABLE I

Experimental results on the conductivity (o) and the dielectric constant (€) in
TEA.(TCNQ), and TTF. TCNQ
The microwave measurement of ¢ is, in itself, accurate but the evaluation of «, and
o, is sensitive (up to =5%) to sample positioning and the estimate of L, and L, is
rough. The € detcrmination is little accurate since it results in the difference between
two quantities, one precisely known (frequency shift) and the other much less precisely
(a/L).

a, b, ¢ and a*, b*, ¢* are the direct and reciprocal cell axis while ' = b/\c*,
b' = ¢Na*, ¢’ = a*/\b with (b, b’) = 20.4° in the case of TEA.(TCNQ)s.

a €

Sample cut axes?
and dimensions {mm) Q@ 'm™YH

TEA.(TCNQ),

a*t, b',c or = 0.77 ef = 5.40
1.10; 3.00; 3.60 g, = 5.4 € = 22°
a',b,c* = a\b o, =af =0.43 €, =~ ¢ef@ = 5.50
0.56; 2.30; 1.20 g, = 5.7

a, = o,cos(b’, b) = 5.3¢ €, not measurable

a*, b, c’ (o, = 10)¢ €, = 7.5

0.8; 3.10; 1.17 o, = 430
TTF.TCNQ

a, b, c* g, = 85
1.47;7.0; 0.24 af = 1.15 -

a, b, c* g, = 97

1.20; 15; 0.19 of = 1.16 -

a, b, c¢c* o, = 116 _
1.07; 1.87; 0.05 o, = 3.2510*

“ The sample rotation axis is bold.

® Error bars up to 50%—-100% of the given value.

¢ This approximate relationship holds since b is nearly in the (c*, b') plane and since
o, is large compared with o;.

¢ Biased value since b’ is not parallel to a sample side.
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i. Sample rotation around crystal axis ¢ with x//a*, y//b' = c¢/\a*

In this case, the cavity filling coefficients (o, o) were measured
from a copper standard cut at sample dimensions. Typical plots of
d/a and A/a obtained from the TEA.(TCNQ), sample are displayed
on Figure 3a. The extrema of both quantities are at § = 0 and
B = 90° and thus 6 = 0. As expected, this result shows, in view of
equations (12), that a* and b’ are principal electric axes in the crystal
plane perpendicular to the highly conducting axis ¢. The magnitudes
of the corresponding conductivities and permittivities of the sample
(Table I) were obtained using equations (11).

ii. Sample rotation around c* with x/la’ = b/\c and y//b

The measurements were made with a quality coefficient of the cavity
increased to O, = 4000 by adjusting coupling holes. The experimental
results show a little significant AR shift (=5°) and indicates that the
electrical axes in the a, b plane are close to a' and b. This is again
consistant to our expectations since a’ is only =1.6° apart from a*
while b’ is =20.4° from b but its projection on the b, ¢* plane is only
at =0.6° from b.

When b is set parallel to E, we observe 8y,ndara = Ssampte and thus,
in that case, €, cannot be measured and a significant value of AB
would not be interpretable via equations (12). However the dielectric
equations are still valid to calculate the conductivity value from the
experimental data. The obtained values of o, o, & €, are given in
Table 1.

iti. Sample rotation around a' with x//c’ = a*/\b and y//b

In contrast to previous crystal settings, the sample sides are now
no longer parallel to the principal electrical directions (Table I).
Thus, in agreement with the general formula (5), we observe a shift
AB = 10° between maxima in the 8/a(B) curves (Figure 3b). Thus
confirming that » and ¢’ are not principal directions in the b, ¢ plane
and, in fact, we expect axes a*/\c, c.

To check that, the value of the angle 8 should be calculated from
the observed value of AB. However this sample orientation needs
further attention since the transverse axis ¢ is the highly conducting
crystal axis. The microwave penetration depth along ¢ (~0.26 mm if
o, = 400 Q~! m~!) is smaller than the sample thickness (~0.8 mm)
in that direction. Thus the relevant formula are those for the skin-
effect regime if c is set parallel to E, and the dielectric formula when
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d1dw 1
G a \20

x 103 o x103

Y l

0 90 180
B (degres)
(a)

FIGURE 3 Typical plots of the observed frequency shift (1/o |dw/wo|) and of the
change in the cavity quality coefficient (1/a d(1/2Q)) with sample rotation.

O, @: values of 1/ [dw/w,| observed respectively from the sample and from a copper
reference with the dimensions of the latter;

A values of 1/a d(1/2Q) observed from the sample.

3a) TEA.(TCNQ), sample rotating around c.
B = 0°and B = 90° if K, is set parallel to a* and b’ = ¢/\a* respectively.
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RNELY LIS

x 104 x10 4
15+ 0.75
10 |- —05
5H 0.25
v X
i | |
0 90 180
B (degres)

(b)
FIGURE 3 continued

3b) TTF.TCNQ sample rotating around b.
B = 0 and 90° if E, is set parallel to c* and @ respectively.

b’ is parallel to E,,. Therefore €. cannot be measured and we cannot
derive 6 from the above value of AR via equations (12).

The conductivities given in Table I were calculated from data with
the help of equations (10, 11 and 13). However in this experiment 8
= (b, b') = 20.4° while equation 11 was derived with the approxi-
mation 6 = 0. Indeed we observe a bias in the corresponding value
of o, which is calculated larger (10 2~ m~1) than previous values
(5.3-54 Q" 'm™Y).
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HL.3. Discussion

Our values of the electrical conductivities of TEA.(TCNQ), are in
good agreement with data of the literature (Table IT). However, while
our value o, ~ 430 Q! m~!is in the range of the earlier data it is
small compared to the 850 (! m~?! obtained! from crystals of the
same origin. Since Almeida!! also demonstrated that the room tem-
perature conductivities (o, o,, a;) of TEA.(TCNQ), are not fre-
quency dependent this discrepancy is probably due to sample effect.

Our values of transverse dielectric constants (e, and ¢,) at room
temperature are given in Table II together with low temperature data
in the literature. No temperature dependence in €, and ¢, is detected
but the experimental accuracy is poor.

TABLE II

Principal conductivities (a;) and dielectric constants (e,) in TEA (TCNQ),

Farges & Brau

Brau & Farges® Almeida™ This work
o, 200-740° 8500 430°
o, ¢ (7'm™Y) 2.5-7 6.3 5.3-5.4
T3 0.8-2.6 0.11 0.41-0.77
. l room - : 7522
e, | temperature _ _ 5 4-55
€ T 70 = 20¢ 63 + 18° -
€ [ <120K - 12 =7 -
€; 6.2 £ 0.7 4.8 =08 -

2 A review of earlier data.

b d.c. conductivity measurements.
¢ microwave 9.10° Hz

4 10% and 2.10° Hz

¢ 10°-10” Hz

IV. PRINCIPAL ELECTRICAL CONDUCTIVITIES IN TTF.TCNQ

The lattice symmetry of TTF.TCNQ crystals is monoclinic P2 /c."
As stated before, the binary symmetry axis (b), along which TTF and
TCNQ ions stack, is an obvious principal axis. The two others are
orthogonal and lie in the a, ¢ crystal plane.

For this compound, a priori transverse principal axis are not ob-
vious since both TTF and TCNQ columns are conductive. Further-
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more the observed principal axis for a number of physical properties
of TTF.TCNQ correspond to the following two sets of directions:

—(a, b, c*): magnetic susceptibility and g factor of the EPR
spectroscopy*

—(b/\[101}], b, [101]): EPR line width,'* thermal expansion and
isothermal compressibility.'

On the one hand, the first set of axes is related to molecular symmetry
and a is the mean direction of strong S . . . N interchain interactions.
On the other hand, theoretical predictions'® suggest that the trans-
verse conductivities in TTF. TCNQ have the symmetry of the phonon
spectrum and thus should belong to the second set of principal axes.

IV.1. Experimental part
TTF.TCNQ samples were single crystals grown from acetronitrile.!’
(i) Sample rotation around crystal axis b with x//c*, y//a.

Two samples were mounted accordingly. The corresponding cavity
perturbations (8,,p.) Were compared to that (3,n4.ra) Of metallic
standards of the same shape and dimensions. To the measuring ac-
Curacy dg,mple = Osiandara i this case and thus the sample permittivity
e cannot be measured but we are still in the dielectric regime for
conductivity measurements.

The experimental results (Figure 3b) show that a and c* are
the principal axes since the extrema of d/a and A/a are located at
B = 0 and 90°. The principal conductivities are given in Table L.

(ii) Sample rotation around ¢* with x//a, yl//b:

In this setting the anisotropy measurements are done in the a, b

crystal plane where a and b are principal axes since B, = B, = 0

When b is parallel to E, the penetration depth is less than sample

thickness while for a parallel to E, we are in the dielectric regime.
The obtained conductivities are given in Table 1.

IV.2. Discussion

The microwave measurements clearly demonstrate that the principal
electrical axes in TTF.TCNQ are a, b, ¢* and thus the theoretical
predictions from Ref. 16 are not realized. In this case, as well as in
the case of TEA.(TCNQ),, the principal electrical directions are found
to be related to the molecular symmetry and the conductivities depend
on the intermolecular distances through the resulting transfer inte-



Downloaded by [Tomsk State University of Control Systems and Radio] at 14:16 19 February 2013

332 J. L. MIANE et al.

TABLE III

Room temperature conductivities in TTF. TCNQ

o, o, ar
This work 99 + 16 3.2510% 1.15-1.16
Cohen et al.'® 50-100 400-600
Khanna et al.'® 50 >5 10 -
Cooper et al.?° 100-150 “4=1.10° -
Thomas et al.?! - 2-9.210¢ -
{a compilation of earlier data)
Anisotropy (this work)

%i 330 T = 28000 72 100
a,

a c c

grals, in agreement with the ideas of Jerome.! The conductivities of
TTF.TCNQ in the present study are given in Table III together with
data in the literature. The agreement is good for o, and g, while our
value of o.» (~1.15 Q= m~1!) is much lower than the one from earlier
measurement of o (400—600 - m~')."” The latter value leads to
o, < g while ours gives o, > o which is more consistent with the
following facts:

—strong S . . . Ninterchain coupling is along a while the molecules
are more separated in the ¢* directions

—in similar compounds, such as HMTTF.TCNQ and
HMTSF.TCNQ;* one finds o, > 0.

Our microwave measurements indicate a higher electrical anisotropy
in the b, ¢* plane (oo, ~ 28000) and in the transverse plane
(0,/0. ~ 100) of TTF.TCNQ crystals than was believed previously.

V. CONCLUSION

We have shown that the microwave technique is appropriate to the
study of principal conductivities in molecular conductors. Absolute
values of o are obtained with an accuracy of about 10%, errors coming
mainly from the « and L estimates.

In the present study we used samples with dimensions (3—7 mm?)
which are not often available with such materials. However much

* HMTTF : Hexamethylenetetrathiofulvalene
HMTSF : Hexamethylenetetraselenafulvalene
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smaller single crystals may be used and the instrument set up now
allows for low temperature measurements. In fact, the thermal var-
iation down to 20K of the conductivity and permittivity of
(TMTTF),SCN and (tTTF),AsF.* have already been measured from
samples with dimensions of about 3.0 x 0.1 x 0.1 mm*.% The ob-
tained relative variations o(7)/c(300K) of the conductivity is then
obtained with an accuracy better than 5% corresponding to the ex-
perimental accuracy on dF/F and d(1/2Q).

* TMTTF  : Tetramethyltetraselenafulvalene
tTTF  : Trimethylenetetrathiafulvalene
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