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A b s t r a c t 

ESR results for D E M ( T C N Q ) 2 and for M E M ( T C N Q ) 2 are presented as examples 

of T C N Q salts with and without level crossing effects. In the case of D E M ( T C N Q ) 2 

we are performing ESR on a system with two types of spins. The latter are due to 

the two kinds of stacks of the acceptor T C N Q molecules in D E M ( T C N Q ) 2 . The 

level crossing occurs when the g value of these two kinds of electrons are the same. 

This is compared to the case of M E M ( T C N Q ) 2 where there is only one kind of 

T C N Q stack and consequently no level crossing effect. It is found that g values 

and susceptibilities of the ESR spectra for D E M ( T C N Q ) 2 can be fitted very well 

to an interaction between the stacks of the form S,S ; with J > 0. This 

gives an antiferromagnetic coupling between every spin on one type of stack with 

every spin on the other type of stack. This type of interaction is also in qualitative 

agreement with the published results for H M M ( T C N Q ) 2 . The experimental results 

in D E M ( T C N Q ) 2 and M E M ( T C N Q ) 2 also show that there are small but significant 

differences in the g tensors when the temperature or the crystalline environment are 

changed, and consequently the g tensor in these compounds does not depend only 

on the orientation of T C N Q molecule in the magnetic field as previously assumed. 

These differences in g are typically less than 2 x 10~ 4. 
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Chapter 1 

Introduction 

1.1 Quasi-one-dimensional TCNQ salts 

The quasi-one-dimensional 7, 7, 8, 8 - tetracyano - p - quinodimethane (TCNQ) 

salts have received considerable attention for some time. An introduction to these 

materials is given in the review article by Shchegolev [l]. An example of more recent 

work is the systematic project undertaken at the University of Groningen [2,3,4,5]. 

The initial expectation of high temperature superconductivity in these materials 

has not materialized; however the T C N Q salts have provided a system where the 

physics of low dimensional solids can be experimentally studied and compared to 

the simpler one-dimensional theories. 

The quasi-one-dimensional behavior arises from the stacking of the organic elec

tron acceptor T C N Q molecules. The planar T C N Q molecules stack above one 

another with the molecular planes parallel to each other. In general the stacking 

direction is not perpendicular to the plane of the T C N Q molecules, namely there 

is an incomplete overlap between adjacent T C N Q molecules. The wide variety of 

possible donor molecules has led to a large number of different stacking arrange

ments for the T C N Q molecules. A further factor is that the stacks can consist of 

a regular, dimerized or tetramerized lattice of T C N Q molecules. This can have a 
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Figure 1: The T C N Q molecule 

significant impact on the electric and magnetic properties of the one-dimensional 

system [3]. An empirical classification scheme based on the electrical conductivity 

has been presented by Torrance [6], a further classification is provided by Visser [5, 

p. 16]. 

In this thesis we will be concerned primarily with the morpholinium compounds, 

in particular N - methyl - N - ethyl - morpholinium - tetracyanoquinodimethane, 

M E M ( T C N Q ) 2 , and N - ethyl - N - ethyl - morpholinium - tetracyanoquinodime

thane, D E M ( T C N Q ) 2 . The crystal structure of these materials is given by van 

Bodegom [2], and also by Morssink and von Bodegom [8] for D E M ( T C N Q ) 2 and 

Bosch and van Bodegom [9] for M E M ( T C N Q ) 2 . The structure of D E M ( T C N Q ) 2 is 

triclinic, space group P i . There are two inequivalent T C N Q stacks with the D E M 

molecules in between the stacks. M E M ( T C N Q ) 2 is triclinic, space group Pi with 
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Figure 2: The morpholinium molecule, R = C H 3 : M E M , R = C 2 H 5 : D E M 

only one type of T C N Q stack. We can study D E M ( T C N Q ) 2 as an example of a 

compound with crossing energy levels and can compare the results to the case of 

M E M ( T C N Q ) 2 where there are no level crossing effects. 

1 . 2 M a g n e t i c P r o p e r t i e s 

The magnetic properties of the T C N Q salts have been explained in terms of one-

dimensional models. The Hubbard [7 ] Hamiltonian 

* = _ _ '<, .+I ( c j + i , , c ,> + cl,cci+ho) + \ _ _ V i - i n i n i + 7T __ nifiKi-o (1-1) 
i,a i^j i,a 

where c,, a is the destruction operator for an electron of of spin a at the site *, 

n«> ~ c\oci,° 1 5 the occupation operator of the state t, a , n, = Y,o ni,° gives the total 

number of electrons at the site i, -,•..+_ is the transfer integral between the sites i 



4 

and i+ l 1 , U is the interaction, between electrons at the same site, and Vn = V_n 

is the interaction of electrons n nearest neighbour sites apart, has been used as a 

starting point for models of the conduction electrons on the T C N Q stacks. In this 

Hamiltonian the ratio U/t is a critical parameter [3]. This ratio determines to what 

degree the electrons are localized on the individual sites on the stacks. In the T C N Q 

salts we have U/t —> oo. The Hubbard model predicts two transitions. The 4kp 

transition corresponds to the electronic-Peierls distortion. This transition occurs 

at high temperature and produces an opening of a gap at the Fermi level. Above 

this transition we have a regular chain with one half an electron per unit cell, while 

below the transition the stack is dimerized with one electron per unit cell. As the 

temperature is increased past the 4kp transition we expect a significant increase in 

the conductivity. This is in fact observed in M E M ( T C N Q ) 2 at 335 K [10]. Below 

the 2kp or spin-Peierls transition the stacks are tetramerized with two electrons 

per unit cell, with the spins paired leading to a marked decrease in the magnetic 

susceptibility. 

Oostra [4, p. 22] has shown that, for a dimerized stack, equation 1.1 leads to an 

effective exchange interaction between the spins on adjacent T C N Q dimers of the 

form 

Kpin = 2 J ] T S t S t + 1 (1.2) 

where J = t\/U, t2 being the smaller of the two transfer integrals for a dimerized 

stack, and for a tetramerized stack he [4, p. 26] gives an equation in terms of two 

exchange constants J j and J 2 of the form 

Mspin = ^2, (*^lS2iS2i+l + ^2S2i + l S 2 j + 2 ) (1-3) 
» 

1The transfer integral has been allowed to vary along the stack to allow for dimerized or tetramer
ized stacks, this is an extension of the Hamiltonian in Hubbard's paper, where a constant transfer 
integral is assumed. See also: [4, p. l l j . 
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Figure 3: Spin susceptibility of M E M ( T C N Q ) 2 : Experimental points as obtained on 
a Foner balance and theoretical fits with the correlated metal model (U ~ 0.4 eV, 
At ~ 0.1 eV) and the Bonner and Fisher Model (J = 53 K, g = 2.003). Also 
indicated is the theoretical curve below the spin-Peierls transition. This figure is 
from ref. [12]. 

Bonner and Fisher [ll] have calculated numerically the susceptibility as a func

tion of temperature for the spin Hamiltonian given by equation 1.2 for a finite 

number of spins, with 2 < N < 11, and the results for N —• oo have been fitted 

to the electron spin resonance (ESR) and static susceptibilities [12,13]. The results 

for M E M ( T C N Q ) 2 [12] follow the Bonner-Fisher curve above the spin-Peierls tran

sition at 19 K, with an exchange interaction J of 53 K see figure 3. Two phase 

transitions have been reported in M E M ( T C N Q ) 2 at 20 K and at 335 K [10], which 

correspond to the 2kp (the spin-Peierls transition) and Akp (the electronic-Peierls 

transition) transitions respectively. 
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For D E M ( T C N Q ) 2 , Schwerdtfeger et a/.[13] report values of 45 K and 75 K 

for J , corresponding to the inequivalent A and B stacks2 in D E M ( T C N Q ) 2 , and 

the spin-Peierls phase transition at 23 K in the B stack, with no corresponding 

phase transition in the A stack. Further phase transitions have been reported in 

D E M ( T C N Q ) 2 at 400 K and 447 K [14] and 483 K [8]. 

Schwerdtfeger et al. also report an unexplained anisotropy in the angular de

pendence of the relative susceptibility associated with the two ESR lines observed 

in D E M ( T C N Q ) 2 . Similar results have also been reported in H M M ( T C N Q ) 2 [15]3. 

Oostra gives a discussion of this phenomenon [4, p. 102], comparing the results for 

D E M ( T C N Q ) 2 and for H M M ( T C N Q ) 2 . In H M M ( T C N Q ) 2 , unlike D E M ( T C N Q ) 2 

where the stacks are not related by symmetry, the effect occurs between two stacks 

that are related by a symmetry operation. The phenomenon always has the high 

field line vanishing and the low field line growing as the energy level crossing is 

approached. At the level crossing point there is only one line. The g values were 

reported to be close to where the g values usually reported for a single T C N Q line. 

Typical ESR spectra for D E M ( T C N Q ) 2 at X-band are shown in fig. 4. This leads 

to the conclusion that the effect is due only to the fact that the energy levels are 

crossing [4, p. 107, and also 16]. No explanation for the effect was given. 

The g value for the T C N Q salts has typically been found vary from g = 2.0023 to 

g = 2.0036 depending on the orientation of the crystal. Tomkiewicz et al. [16] and 

Walsh et al. [17] have proposed that the g values only depend on the orientation 

of the T C N Q molecules with respect to the magnetic field, and not depend on 

the temperature or on the crystalline environment of the T C N Q molecules. The 

experimental results from different T C N Q compounds [4, p. 104] indicate that the 

2The stacks of DEM(TCNQ)2 are labelled following reference |13]. 
3HMM(TCNQ)2 has R=H and a methyl group, CH 3 , instead of the ethyl group, C 2 H 5 in fig. 2 



Figure 4: Typical ESR spectra at X-band for D E M ( T C N Q ) 2 from ref. [13]. The 
curves are plotted with the same magnetic field scale, but have been shifted hori
zontally to emphasize the anisotropy of the susceptibility. The angles correspond 
to fig. 5 in ref. [13]. 
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orientation of T C N Q molecule itself determines the g value to a first approximation. 

It is not clear however that the crystalline environment, or the temperature of the 

T C N Q molecules can be neglected entirely, particularly when higher accuracy in 

g than the ±0 .0004 allowed for in Tomkiewicz's analysis of T T F - T C N Q [16] is 

implied. The assertion that the g values depend only on the orientation of the 

T C N Q molecules has, for example, been disputed by Conwell [18], who has proposed 

a systematic trend with temperature in the g value of Qn(TCNQ) 2 between 300 K 

and 1.4 K based upon the data of Clark et al. [19]. The data of Clark et al. show a 

difference in the g value of 0.00011 between their results at 300 K and 1.4 K. This 

difference, as Conwell points out, is barely outside their quoted experimental error 

of 0.00005 in each g value measurements; however Clark et al. do not indicate if any 

part of their error is systematic to all their measurements. If there is a systematic 

component to this error then this difference in g value with temperature may be 

very significant. 

1.3 S c o p e o f t h i s T h e s i s 

This thesis presents a detailed study of the ESR spectra of M E M (TCNQ) 2 and 

D E M ( T C N Q ) 2 at 298 K and 77 K. These two materials provide examples of a 

single stack compound, and a compound with two inequivalent stacks. A further 

characteristic is that the susceptibility in M E M ( T C N Q ) 2 behaves in a manner qual

itatively similar to the B stack in D E M ( T C N Q ) 2 . An explanation for the anomalous 

variation with angle of the susceptibility of the individual lines in the T C N Q samples 

with crossing energy levels is proposed, using D E M ( T C N Q ) 2 and M E M ( T C N Q ) 2 

as models of compounds with and without crossing levels. 

A further question we investigated was the variability of the g value of the T C N Q 
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compounds with temperature and sample. The two compounds to be studied pro

vide three different T C N Q stacks, that can be studied under the same experimental 

conditions eliminating most systematic errors when comparisons are made. An

other characteristic of these two compounds is that there are no phase transitions 

between 77 K and 295 K thereby eliminating problems caused by small structural 

changes [14,8] when comparing the results at 77 K and 295 K. 

In chapter 2 we describe the apparatus and the experimental procedure used 

for the ESR measurements, together with the calculation of the g tensor from the 

g value data for a T C N Q salt. We also consider the assumptions made in relating 

the g tensor to the crystal structure. 

Chapter 3 contains the ESR results for M E M ( T C N Q ) 2 . We find that there is 

a small but significant change in the g tensor between 298 K and 77 K, without 

any change in the direction cosines with respect to a fixed axis. This is indicative 

of the expected change in the g value with temperature when there are no phase 

transitions and no interactions due to more than one kind of stack. 

In chapter 4 the theory for an interaction of the form ;- J,jS{Sj is developed. 

It is found that for a constant J the theory agrees well with the experimental results. 

Another prediction of the theory is that the halfwidth of the stronger line will vanish 

at the crossover. This was not found experimentally; however the measurement of 

the halfwidth of a line with vanishing halfwidth is not reliable because of saturation 

and overmodulation effects. 

Chapter 5 contains the ESR results for DEM(TCNQ)2- Apart from the agree

ment with the theory we find that, after correcting for the interaction between the 

different stacks, the g tensors for the different stacks are not the same. There is also 

a small but significant change in the measured g values between 298 K and 77 K, 

similar to that observed in M E M ( T C N Q ) 2 . The bulk of the difference between the 
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measured results at 298 K and 77 K is however due to the interaction between the 

different stacks, and can be accounted for by the theory. We also find that J has 

the same temperature dependence as the total susceptibility. 

Measurements with respect to power are presented in chapter 6. We show that 

in the region close to the overlap the line is saturated and overmodulated. The 

source of the overmodulation is the modulation of the microwave frequency by 

the Automatic Frequency Control (AFC). This indicates that the single line at the 

crossover point may be extremely narrow, and could even have a vanishing halfwidth 

in agreement with the theory. 

In chapter 7 we discuss the results, and compare our measurements with other 

published results. We find that the variation of the susceptibility with angle for the 

level crossing T C N Q compounds can be explained by a relatively simple theory in 

terms of an interaction between the different stacks of the form J X) t J S,-Sj. We also 

find that in general there are small but measurable differences in the g tensors of 

T C N Q molecules in different environments, and for the same compound at different 

temperatures. 



C h a p t e r 2 

T h e E S R E x p e r i m e n t 

2.1 T h e E S R A p p a r a t u s 

The ESR experiments were performed at Q-band using a cylindrical cavity operating 

in the TE012 mode at a frequency of approximately 36 GHz. The microwave source 

was an OKI 35V10 klystron, whose reflector voltage was controlled by an automatic 

frequency control circuit operating at 33 kHz. This phase locked the frequency to the 

cavity resonance. The reflected power was then detected with a HP R422A diode. 

The absorption signal was first passed through a preamplifier, and then detected 

with an Ithaco Dynatrac 391 lock-in amplifier, phase locked to the magnetic field 

modulation frequency of 2 kHz. The spectrum obtained is then the derivative of 

the absorption signal. 

To measure the Q-band frequency an X-band frequency of approximately 8.6 GHz 

was generated using a Varian V153 klystron. The reflector voltage of the klystron 

was controlled by an automatic frequency control circuit operating at 10 kHz, which 

phase locked the X-band frequency to a tunable cavity. This cavity was tuned such 

that the fourth harmonic of the X-band frequency was about 5-10 MHz away from 

the Q-band resonance. The X-band frequency was then counted with a HP 5245L 

frequency counter with a HP 5255A frequency converter. The beat frequency formed 

11 
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when the fourth harmonic of the X-band frequency was the mixed with the Q-band 

frequency was also counted with the HP counter. This allowed the measurement of 

the Q-band cavity frequency to about 30 kHz. 

The magnetic field was generated using a Varian V-3601 12 in. electromagnet 

operating at approximately 12.3 kilogauss. The magnet was powered using a Varian 

V-2800 Fieldial Mark 1 power supply, and was stabilized using a Hall probe feedback 

circuit. The magnetic field was swept over the ESR resonances, with a typical 

sweep of 8 gauss. The magnetic field was calibrated using a sample of LiF:Li, with 

g = 2.002317(2) [20], that was mounted next to the samples to be measured. The 

sweep was calibrated using a SENTEC type 1000 NMR magnetometer. Typical 

spectra of DEM(TCNQ) 2 are shown in fig. 6. 

2.2 Experimental Method 

A problem that has been reported with ESR measurements in the TCNQ salts at 

Q-band is the choice of the sample size[4, p. 108]. In particular it was reported that 

the AFC could not follow the sample resonance because of the strong and narrow 

lines that are found in these materials. We found that in order to avoid this problem 

the sample volume had to be no larger than approximately 0.0001mm3. For samples 

this small it is difficult to obtain any reliable absolute orientation of the crystal in the 

magnetic field. In order to obtain relative measurements the sample to be measured 

and the calibration sample were mounted with silicon grease on a cube of lucite that 

was 1mm on each side. All the measurements were then made with respect to the 

cube. The coordinates of the crystal axes can, in certain circumstances, be related 

to the coordinates of the cube by making use of the orientation of the TCNQ stacks 

with respect to the coordinates of the cube. This relationship can be determined 
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Figure 6: Typical spectra of DEM(TCNQ) 2 at 298 K. The letters A, B, and Li refer 
to the lines that are dominated by the A and B stacks of DEM(TCNQ) 2 and to the 
line due to the LiF:Li calibration 
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from the g value measurements. 

The cube was then mounted on the end of a long rod, and then inserted into 

the microwave cavity through a hole at the top on the cavity axis. The rod could 

be then rotated from the top of the dewar system. This method allowed the angle 

of rotation to be determined to an accuracy of 0.1 deg. The sample was then 

rotated with respect to the magnetic field through and angle of 180 deg, along three 

orthogonal axes. The ESR spectra were obtained in one degree increments for D E M -

( T C N Q ) 2 , and every five degrees for M E M ( T C N Q ) 2 . The data were digitized and 

collected by an IBM-PC microcomputer. The computer was also used to record the 

frequency of the X-band reference before and after the run, and the beat frequency 

during the run. Since the X-band reference does not change during the run the 

measurement of the beat frequency during the run actually provides a measure of 

the dispersion of the ESR signal. The average value of the beat frequency was used 

in the calculation of the resonance frequency of the ESR cavity. Apart from error 

estimation no further use of the dispersion data was made, since it was in general 

much more noisy than the absorption data. 

For the T C N Q salts a Lorentzian lineshape was assumed since a Lorentzian 

lineshape has been reported at X-band, consequently the spectra were then fit to a 

Lorentzian derivative for each line observed in the T C N Q sample. No assumptions 

as to the position of the lines or the relative strengths of the lines were made. 

The L i F . L i line was fitted to a Dysonian lineshape, since an slightly asymmetric 

line would be expected for the Li metal domains in the LiF . The g values, relative 

susceptibilities and halfwidth of the spectra were obtained from the parameters 

of the Lorentzinan lines that gave the best fit to the spectra. The experimental 

method does not provide accurate values of the absolute susceptibility as a function 

of angle, since the microwave power at the sample and the Li calibration crystal 
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change as the sample is rotated in the cavity. This occurs because the size of the 

cube on which the samples are mounted is significant enough to change the position 

of the samples in the cavity mode when the cube is rotated. The method does 

provide however reliable results for relative measurements of the susceptibility as a 

function of power or of temperature at a fixed angle. 

2.3 De te rm ina t ion of the g Tensor 

In general the g tensor of an arbitary crystal has the form of a symmetric second-

rank tensor. We propose to determine first the principal values, and the corre

sponding direction cosines with respect to the arbritary coordinates of the cube. 

In determining the g tensor we follow the method of Waller and Rogers [21], using 

orthogonal rotation axes. The method requires in our case three rotations, 6a, 9b, 

and 6C, about three orthogonal axes, a , b, and c, forming a right-handed coordi

nate system. The axes a , b, and c would form a cyclical relationship such that the 

position 6a = 90° is equivalent to 6b — 0°, 6b = 90° is equivalent to 6C = 0°, and 

6C = 90° is equivalent to 6a = 0°. The g value data are parameterized as follows: 

gf = a, + fa cos 20, + 7, sin 20, (2.1) 

where i — a, b, or c. The values of a,-, /?,-, and 7, are then used to calculate the 

W tensor, where W = g2, using the equations: 

Wn = aa + (3a W22 = ab + f3b W33 = ac + & 

W11 = aa-0a W22 = ab-f3b W33 = ac - & (2.2) 

The diagonal elements, Wa, are overdetermind by equations 2.2. Waller and Rogers 

provide an iterative method to calculate the error, 60, in the azimuthal angles, 
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or starting angle shift [21, p. 93], using this overdetermination of the Wu. This 

correction is about 20 deg in our case, and cannot be neglected. The iterative 

solution involves first calculating the following error functions 

A a = (ac - ab - Pa)/la 

Ab = { a a - a c - p b ) / l b (2.3) 

A c = (ab - aa - 0c)/ic 

A new set of parameters are then calculated using the equations 

a\ = a, 

P\ = ^ cos Ai + 7, sin A , (2.4) 

i i = 7, cos A , - Pi sin A , 

The new parameters are used again to obtain a new set of A , until the values of the 

error functions become negligible. The starting angle shifts, «5t9t, are then obtained 

by continually summing A , /2 throughout the iteration process. The W tensor is 

then calculated using the final values of et,, Pi and 7, from equations 2.2, and is then 

diagonalized to obtain the principal values and the corresponding direction cosines. 

The principal values of the g tensor are then the square-roots of the principal values 

of the W tensor. In our experiment we are making measurements at both 77 K and 

298 K, using the same orientation of the crystal with respect to the cube and the 

same starting angles. This allowed a further overdetermination of the W tensor 

elements by using the same 60i for both the 77 K and the 298 K measurements. 

These extra data were used to obtain an estimate of the error in the <50,. 

2.4 C o r r e l a t i o n o f t h e g T e n s o r t o t h e C r y s t a l S t r u c t u r e 

In order to consider the correlation of the direction cosines corresponding to the 

principal values of the g tensor with the crystal structure, we first assume that the 
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g tensor is determined only by the T C N Q molecules. The T C N Q molecule itself is 

planar and has orthogonal symmetry. We can define three vectors M , L , and N on 

the T C N Q molecule as follows: M is chosen in the plane of the T C N Q molecule and 

along the short axis of the molecule. L is chosen in the plane of the molecule and 

along the long axis of the molecule. Finally N is chosen normal to the plane of the 

molecule. The vectors M , L, and N are then orthogonal because of the orthogonal 

symmetry of the T C N Q molecule. It would then follow by symmetry that the 

principal values of the g tensor would be the g values j M , gL, and g^, with the 

magnetic field parallel to M , L, and N respectively. The direction cosines can then 

be related to the crystal coordinates by identifying the measured principal values 

of the g tensor with the values gM, gL, and gN, found for other T C N Q compounds 

in the literature and by using the known crystal structure of the compounds under 

study[8,9]. A collection of such g values is provided, for example by Oostra[4, p. 

104]. Typical values would be gM = 2.00359, gL = 2.00276, and gN = 2.002341. 

There is a significant limitation to this method in that the assumption is made 

that the g tensors of T C N Q compounds are not dependent upon the environment 

of the T C N Q molecules. The error introduced by this assumption can be estimated 

from the variation of the principal values of the g tensor from compound to com

pound. In particular the change in orientation that causes a change in the g tensor 

in one compound equal to the difference in the g tensor between compounds would 

be an estimate of this error. It should be stressed that this is an error in the inter

pretation of the principal values of the g tensor as gM, SL, and g^ and not in the 

principal values or the direction cosines of the g tensor. 

In the case of compounds with inequivalent T C N Q stacks, an independent check 

on the assumption that the g tensor is independent of the environment of the T C N Q 

1 These g values are the average for the g values quoted by Oostra[4, p. 104] 
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molecules can be made by comparing the relative orientation of the principal values 

of the g tensor with the relative orientation of the T C N Q molecules. If the g tensor 

is indeed independent of the environment of the T C N Q molecules, then the two 

relative orientations should agree. This comparison will be made in the section on 

the discussion of the D E M ( T C N Q ) 2 measurements. 



Chapter 3 

MEM(TCNQ) 2 Results 

3.1 The g value Measurements 

The ESR measurements were performed on M E M ( T C N Q ) 2 at both 77 K and 298 K 

by the method explained in chapter 2. The g values for rotations about a, b, and 

c are shown in figures 7 to 9 for the 298 K measurements and in figures 10 to 12 

for the 77 K measurements. The g value data were parametrized using equation 

2.1 and the resulting values for /?, and 7. were used to calculate the g tensor 

principal values and corresponding direction cosines using the method of section 2.3. 

These results are shown in tables I and II for the 298 K and 77 K measurements 

respectively. 

The experimental errors in the g tensors arise from various sources. We first 

consider the calibration errors. The first is the quoted experimental error in the 

Principal 
Values a 

Direction Cosines 
b c 

2.002318(7) -0.412(4) -0.682(3) 0.605(1) 
2.002770(7) -0.900(1) 0.409(2) -0.152(9) 
2.003332(8) 0.144(8) 0.607(4) 0.782(2) 

Table I: Principal Values and Direction Cosines for the g Tensor of M E M ( T C N Q ) 2 

at 298 K 

20 



21 

Figure 7: g Value of M E M ( T C N Q ) 2 for a rotation about a at 298 K. The solid line 
is a fit to equation 2.1 



Figure 8: g Value of M E M ( T C N Q ) 2 for a rotation about b at 298 K. The solid line 
is a fit to equation 2.1 



Figure 9: g Value of M E M ( T C N Q ) 2 for a rotation about c at 298 K. The solid line 
is a fit to equation 2.1 
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Figure 10: g Value of M E M ( T C N Q ) 2 for a rotation about a at 77 K. The solid line 
is a fit to equation 2.1 



Figure 11: g Value of M E M ( T C N Q ) 2 for a rotation about b at 77 K. The solid line 
is a fit to equation 2.1 
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Principal 
Values a 

Direction Cosines 
b c 

2.002333(7) -0.420(3) -0.673(3) 0.609(2) 
2.002776(6) -0.897(1) 0.411(1) -0.164(6) 
2.003413(8) 0.140(4) 0.615(4) 0.776(2) 

Table II: Principal Values and Direction Cosines for the g Tensor of M E M ( T C N Q ) 2 

at 77 K 

calibration sample g value. This error is 2 x 10~6 and is systematic to all the 

measurements. A second source of calibration errors arises from the inhomogeneity 

of the magnetic field over the separation of the calibration and the M E M ( T C N Q ) 2 

samples. This separation is about 0.2 mm. An estimate of the maximum magnetic 

field inhomogeneity was made by placing two Li calibration samples 0.5 cm apart 

in the cavity and then performing an ESR experiment. The measured difference in 

the g values of the two lines is a measure of this inhomogeneity. This difference was 

found to be less than 4 x 10~5. For the actual separation between the calibration and 

M E M ( T C N Q ) 2 samples this inhomogeneity in the magnetic field leads to an error in 

the measured g values of M E M ( T C N Q ) 2 of less than 2 x 10~6. The last calibration 

error arises from the calibration of the magnetic field sweep. This was estimated to 

result in an error in the g values between 1 x 10~7 and 6 x 10~7 depending upon the 

difference in g value between the M E M ( T C N Q ) 2 and the calibration samples. This 

estimate of the sweep error was obtained from repeated calibration of the magnetic 

field sweep with the S E N T E C NMR magnetometer. 

The most significant source of errors comes from the alignment of the cube so 

that the axis of rotation is perpendicular to one of the planes of the cube. This 

is in fact an error in the orthogonality of the rotation axes. In order to calculate 

this error we kept the 60, the same for both the 77 K and 298 K results. The 

inconsistency in the g values produced from the deviation from orthogonality of the 
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rotation axes will lead to different results for the «5r9t for each of the results at 77 K 

and 298 K. An estimate of the error in the principal values and the corresponding 

direction cosines was made by solving for the principal values and direction cosines 

of the g tensor at each temperature using the results for c).1, of both temperatures, 

and also the average results for S0i. The difference in the resulting principal values 

and direction cosines, at each temperature, provided an estimate of the error. The 

values quoted in tables I and II were calculated using the average values for «5t9t-. 

The error in g from this source was found to be between 5 x 1CT6 and 7 x 10~6. In 

the direction cosines this error is the actual quoted error in tables I and II. These 

error estimates in the g values from this source were compared to the differences 

in the measured g values for M E M ( T C N Q ) 2 , at either 77 K or 298 K, between the 

equivalent positions mentioned in section 2.3 and were found to agree. 

The random errors in a, , /?,, and 7. that arise from the fit of equation 2.1 to the 

data are much smaller than the above errors and consequently were neglected. 

3.2 The Ha l fw id th Measurements 

The halfwidth of the spectra mentioned in the previous section are presented in 

figures 13 to 18 The experimental errors in the halfwidth are dominated by 

the error in fitting the spectra to a Lorentzian line. These errors are statistical in 

nature and are manifested in the scatter of the data points. The only systematic 

error one can consider is the magnetic field sweep calibration error. This error is 

0.05% of the magnetic field sweep, and consequently is negligible when compared 

to the statistical error of the fit. 
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Figure 13: Peak to peak halfwidth of M E M ( T C N Q ) 2 for a rotation about a at 
298 K 
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Figure 14: Peak to peak halfwidth of M E M ( T C N Q ) 2 for a rotation about b at 
298 K 
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3.3 Discussion of the Results 

The g tensor principal values at 298 K are quite close to the results at 77 K, but there 

is a significant difference that cannot be accounted for by the experimental errors. 

The corresponding direction cosines on the other hand are the same for the 298 K 

and 77 K results. This indicates that there is some variation with temperature of the 

g tensor that cannot be attributed to a structural change in the crystal. The g tensor 

principal values were found to be close to the average values for gM, gL, and g^, that 

are quoted by Oostra[4, p.104]. The difference is however significantly more than our 

experimental errors. There is an indication from the M E M ( T C N Q ) 2 results alone 

that the g tensors do depend on the environment of the T C N Q molecules; however 

this matter should be considered together with the D E M ( T C N Q)2 results. The 

temperature dependence of the linewidth in M E M (TCNQ) 2 has been discussed by 

Huizinga[3, p. 119]. Our results at 298 K are qualitatively the same as Huizinga's. 

A quantitative comparison is not feasible because the rotation axes are not the 

same. There is a significant difference between our results at 298 K and 77 K. This 

is in qualitative agreement with the behaviour that Huizinga observes. 



Chapter 4 

Theory for Salts with Crossing Energy Levels 

4.1 Introduction 

Anomalous effects in the susceptibilities of individual stacks for T C N Q salts with 

more than one kind of stack was first reported in D E M ( T C N Q)2 by Schwerdtfeger 

et al. [22,13]. A satisfactory explanation of this phenomenon has not yet been 

presented. Previous experimental results have however placed certain conditions on 

any theory for this effect. The experimental data of Schwerdtfeger et al. [13] requires 

the coupled modes to exist at high temperatures, have g values close to the the 

g values of uncoupled stacks, and have strongly anisotropic sub-chain susceptibilities 

with a constant total susceptibility. The data of Oostra et al. [15] on HMM(TCNQ)2 

also implies requirement that the effect occur in samples with both equivalent and 

inequivalent stacks. A further requirement is that the growing line when the level-

crossing is approached always is the low field line. We will later see that this is 

related to the sign of the interaction. 

Let us first consider the spin-Hamiltonian in the presence of a constant magnetic 

field, H 0 , for a T C N Q compound with stacks A and B. 

H = Mspin,A + Hspin,B + ^Zee.,A + ^Zee.,B + Mint. (^-l) 

Mspin,A and Mspin,B are the zero-field spin-Hamiltonians for each stack and would be 

36 
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given by equation 1.3 The Zeeman terms for a given orientation of the crystal are 

of the form 

)<Zee. = g0HOY,S« (4.2) 
i 

We are finally left to postulate a form for Mint,. The experimental result that the 

g values of the coupled stacks be close to the g values of uncoupled stacks indicates 

that Mint, is much smaller than the Zeeman terms in equation 4.1. The simplest 

type of interaction to consider in an isotropic exchange-type interaction of the form 

Mint. = J2 J'JSAi • SBJ (4-3) 
i,j 

An important consequence of this type of interaction is that no requirements are 

placed on the symmetry of the crystal. This allows for the resulting theory to be 

valid in general for T C N Q compounds with inequivalent stacks. 

If we substitute equation 4.3 into equation 4.1 we obtain a Hamiltonian that is 

in general impossible to solve exactly. There are however various useful approxima

tions. We first consider the terms Mspin,A and MspintB- In the case of non-interacting 

stacks this type of term is treated in terms of a broadening of the ESR resonances. 

The energy levels are obtained from the Zeeman terms alone. If we make the same 

approximation for the case of interacting stacks we must also consider how we wish 

to treat #,-„_.. The basic question is whether the correlation between a spin on stack 

A with a spin on stack B remains when each of the spins interact with like spins on 

the same stack. The cases of complete correlation and no correlation allow for the 

treatment of MspiNIA and MspiNB in the same manner as for non-interacting stacks. 

These two cases correspond to J t J = JSij and J t J = J/N respectively. Where N 

is the total number of A or B spins with the assumption that the number of A and 

B spins in the same. We will now solve equation 4.1 for both cases. 
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4.2 Complete Correlation between the A and B Spins 

In this case the sums in equation 4.1 become only sums over one variable. We can 

consider only the two spin Hamiltonian 

H = gA(5H0SAz + gB0HoSBz + 2JSA • SB (4.4) 

The >yspin,A a n d "Hspin,B terms are treated in terms of a broadening of the spectra in 

a similar manner to the case with non-interacting stacks. This involves the assump

tion that the much stronger terms V.apintA

 a n d ^sPm,B do not affect the interaction 

between the stacks. This assumption is dubious at best and we will find that this 

theory does not explain the experimental data. The theory does however have some 

features that do agree with the experimental results. The eigenvalues and eigen-

states of this Hamiltonian can readily be found. We first consider the eigenvalues 

and eigenstates of the Zeeman terms in equation 4.4 defined for spin A by 

SAz\+±) =l\+±) and S A t \ - $ = - f | - ± ) 

and similarly for spin B by 

SBz\±+) = l\±+) and SBz\±-) = - | | ± - ) 

We define the triplet \t} and singlet \s) states by 

l * > = £ ( 1 + - > + ! - + » a n d I s ) = ^ ( 1 + - > - ! - + » 
The eigenvalues and eigenvectors of this Hamiltonian are then calculated by diag-

onalizing the Hamiltonian matrix. We only have to consider a 2 x 2 matrix since 

|+ +) and | ) are eigenstates of S^ - SB. The resulting eigenvalues and eigenstates 
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are as follows 

± + \pH0g+ |++) 

-i + }/J2+\i0Hog-]* x^KPHog- - J - yfj2 + (P H0g _)2)\t) -

((3H0g- + J - v / j 2 + (/?_70ff_)2)|S)] 

- I - ^ 2 + [ J ^ o . - ] 2 tt\(WQg- - J + yjJ2 + (0Hog-)*)\1>-

((3H0g- + J + x/j2 + {pH0g„)2)\s)} 

{-\PH0g+ |--) 

where 

9+ = 9A + <7fi and g_ = gA - gB 

and 

A + = {0Hog- - yJj2 + (PH0g-)2)2 + J2 

A _ = (PH0g- + y]j2 + {PHQg-)2)2 + J 2 

In order to consider the intensity of the ESR transitions we treat the microwave 

field Hamiltonian, iVm = (SAX + SBZ)HI cosut, in second order perturbation theory. 

The intensities of the ESR transitions are proportional to the matrix elements of Mm 

between the eigenstates of the unperturbed Hamiltonian. The only non-zero matrix 

elements are found between the state \t) and the states |+ +) and | ). This leads in 

general to four allowed transitions. The strength of these transitions would vary in 

proportion to the coefficients of |_) in the eigenstates of the unperturbed Hamiltonian 

since the eigenstates |+ +) and | ) do not vary with the crystal orientation. This 

predicts in general four ESR lines with strongly anisotropic intensities but with a 

constant total overall intensity. 
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We consider some special cases. For \J\ <C \g-0Ho\ we are close to the uncoupled 

system. The spectra will consist of two doublet lines with the positions and total 

intensities for each doublet very close to the position and intensity of each line found 

in the uncoupled system. In the other extreme with \ J\ » \g./3H0\ the spectra will 

consist of a strong central doublet with nearly all the susceptibility of the system 

and two small lines, one on each side of the doublet, with a separation in energy 

close to 2J from the central doublet. When gr_ = 0 the eigenstates are pure triplet 

and singlet and there is only one single line with all the susceptibility of the system. 

The predicted ESR spectra from this case have some of the features of the 

observed spectra. We first consider the orientations of the crystal where the g values, 

gA and gB are equal. For this orientation there is only one ESR line, both predicted 

by this theory and observed experimentally. The dependence of the strength of 

the ESR resonances with crystal orientation is also similar to the observed ESR 

spectra in that the anisotropy of predicted ESR lines is qualitatively similar to the 

anisotropy in the observed experimental spectra. The most significant difference is 

the number of lines. The separation of the predicted lines is such that they would 

be resolved by the Q-band ESR measurements. In particular the presence of weak 

ESR lines on both sides of the strong central line is not observed experimentaly. 

This leads to the conclusion that the results cannot be entirely explained by this 

model. 

In order to understand the failure of the model we look for the features of the 

model that lead to the prediction of four ESR resonances for most orientations of the 

crystal. The basic reason for four lines is that for each resonance of the A spins for 

example we have two distinct resonances depending on the state of the B spins and 

vice-versa. This is a direct result of the assumption of complete correlation between 

the A and B spins since we remember the state of an A spin when considering a 
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B spin and vice-versa. This is encouraging for a consideration of the uncorrelated 

case where there is no memory of the state of a particular B spin when considering 

an A spin. 

4.3 No Correlation between the A and B Spins 

In this case we are replacing J t J in equation 4.3 by the average value (J t J ) = J/N 

where the average is taken over all the sites on the A lattice for an A spin and 

on the B lattice for a B spin. This approximation is justified if we consider that 

exchange between like spins is much more probable than exchange of A and B spins 

by many orders of magnitude. The typical experimentally measured values of J for 

like spin exchange are around 20 K to 200 K [4, p. 53] while we anticipate the 

effective average J for the exchange of A and B spins to be around 5 x 10"2 K for 

a Q-band measurement. 

If we substitute J/N for J t J in equation 4.1 we have the Hamiltonian 

i i t t 

The terms # , p t „ > A and MspiniB in equation 4.1 are treated in terms of a broadening of 

the resonances and can be incorporated at a later point. We can perform the sums 

in equation 4.5 and obtain the following Hamiltonian in terms of the macroscopic 

spin variables 

Kmac = gAPH0SAz + gBPH0SBz + ̂ SA • SB (4.6) 

In performing the sums the number of spins on the A and B stacks are assumed to 

be equal but the macroscopic spin variables due to the spins on each stack are not 

in general equal. 

By the correspondence principle the macroscopic spin variables are treated as 

classical variables. This allows the calculation of a set of classical equations of 
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motion from the Hamiltonian 4.6 using Hamilton's equations of motion for the spin 

variables. The resulting equations of motion are as follows 

^ = W , ( S A x h ) + J ( S A x S B ) 

(4.7) 

t ^ B ( S A x h ) + £ ( S B x SA) 

where 

h = (Hi cos ut,Hi smut, H0)/H0 and OJ, = gij3H0/h, (i = A,B) 

We can introduce at this stage the broadening of the resonances in a manner similar 

to the Bloch equations [23]. The nature of the terms Hgpin.A a n a " ^spin,B m equa

tion 4.1 leads to an exchange-narrowed line for the uncoupled system. The expected 

lineshape would be a Lorentzian line. A Lorentzian spectrum is in fact observed 

experimentaly in M E M (TCNQ) 2 . If we assume a Lorentzian lineshape then we can 

introduce a single spin-spin relaxation time T 2 for each of the A and B spins. In 

our model we will neglect initially spin lattice relaxation effects; however we will 

allow for cross-relaxation effects. We propose to treat cross-relaxation in terms of a 

single relaxation time Te for each kind of spin. It is also simpler to work in a frame 

rotating with the microwave field related to the lab frame by 
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The equations of motion are then in the rotating frame 

dt - = ( u A - u ) S A y - l £ + l£ + jk{SAvSBt-SBySAz) 

dS AJL — 
dt = -{uA - _)5A x - + - ik(SA*SB, - SBxSAz) -

(4.8) 

*fr = (UB-u;)SBy-l^ + l^ + ^-h(SBySAz-SAySBz) 

- -{u)B - u))SBx - | ^ + - ̂ i(SBxSAz - SAxSBz) - UpH
H'f uDH,SD. 

This set of equations can be treated as a linear system by making the approximation 

that SAz and SBz are constant. This approximation is valid provided that H\ <C H0 

allowing an approximation of the form s'md = 6 to be valid. We then define ClAe = 

JSAz/N, VlBe = JSBz/N, and introduce the complex variables 

SA± = SAx ± iSAy and SB± — SBx ± iSBy 

The equations of motion then become 

dt ± = - i ( u > A - u , + nBe)sA+ + i n A t s B + - f £ + f ^ - i j n ^ ^ A t 

(4.9) 

dSD 

dt ± = -_(„_ - u + nAe)sB+ + »nBes,4+ _ f s± +1±± _ iN%n

{

Hin 'Be 

The solution of these equations is 

V 5 s + J 

— -NHt 

( r . i 4 e f5 j 4 f5 Bcj y 4 - 6BnAeAu>B)-^ + 

(-nBe6AAuA + A 2n B e c j B )^+ 

(nAE(5BAu;B + A2nAeuA)£-

(nBe6AsBu)B + f5/4nBeAwj4)^-

(4.10) 
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where 

I \ \1-ZA 1-2.BJ 

2 
•2A TIB 

+ 4 
TAeTBe 

Site H i Me , 1 4Be 
- I I ~ h = ~ 

<Be 

A = 

w± — a; — i/T± 

1 ' 

2 

+ 
?2B T-t 

IA 

i OJA-UB + nBe - ^Ae ~ * (TF S T - ) 

+ 4 
TAeTst 

'QAe , »̂ Be 
- » I — h 

= A' + tA" 

with 

6 A = n and (5g = n B e ^ e — rD, — TA 

We have also introduced u±, T±, A ' and A" as the real and imaginary parts of A± 

and A . These quantities can be calculated explicitly with the following results. We 

first introduce fi± defined by 

n+ = - (wA - u)B + nBe - nAe)2 - — 

\-l2A 2B ' 2V2 I 

2(uA-UB + n B e - n A e ) ( — - — ) + 4 ( - ^ + -^) + 

± (uA - C U B + ^Be - ^Ae)2 ~ 
•2A TIB) 

file:///1-ZA
file:///-l2A
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+ 4 [nAenBe -
1 

TBETAEJ J 
The quantities u±, T±, A ' and A" are then as follows 

T± 

A ' 

A" 

]- \<JJA + uB + QAE + QBE ± 2H+] 

2 IY-r + ̂ -1 ±2«n.1 

uVrA TBJ 
- [uB -wA- nBe + nAe + 2n+] 

i I 

TA~TB + 2sfl-

where 

5 = sgn (-2{uA - uB + ClBe - ClAe) 
r 1 1 1 ttAe QBE .— - 4 

ttAe 

VT2A T2B- TAE TBT\ 

with 
1 x > 0 

sgn(x) = { 0 x = 0 

- 1 x < 0 

To calculate the susceptibilities we note from our transformation to the rotating 

frame that 

(SAx + SBx)lab = (SAx + SBx)rot cos ut + (SAy + SBy)rot sin u>< (4.11) 

The susceptibilities are related to (SAx -f S B Z ) ^ by the equation [24, p. 8] 

[SAx + SBx)lab = 2 / ^ 1 ( x ' H c o s ^ - X"(^)sinu;i) (4.12) 

By comparing equations 4.11 and 4.12 we find that the susceptibilities are given by 

x'H = w-l{SAX + SBx)rot and X " H = - J S T G ^ V + SBy)rot (4-13) 
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If we substitute the real and imaginary parts of equation 4.10 into equations 4.13 

we obtain the following result for the susceptibilities 

x ' M = 

+ 
MT,-+^l)Tl(u--u)-hW-WJT-

(4.14) 

•v/"f, A — Nhu)o 
* \ U) - 2J„„(-,» + 7('1'3 

where 

and 

Vo 

7o' 

7: 

7-

(7,',7-.+7,','V-)T- + (l,,,V--7ff7'-)r_(----) 
( U J - - _ ) 2 T £ + 1 

= A'2 - A"2 + n_4efi Ae^Be 

2A'A" - -4e + 
n Be 

uo L 
UJB 

^Ae [ ^Ae^Be 

+ 

uo 

+ 
uB 

uo 

u0 

- A » ^ 

nBe ( A ' 2 - A " 2 ) - _ 

TAe*Be TBe. 

— 2f._4en_geA' 

lAe 

UB 

U0 

2 A ' A " n B e + A ,^Ae 
-At 

TBe. 

— 2A"f. y4 en B e 
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wo L 

Uo L 

\ lAelBt' 1 
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2A'A"fl>4e - A 
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' Be J 

w 0 = + W B ) 
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There are various significant features of the model for uncorrelated spins. The 

model predicts two ESR lines with an angular dependence of the intensity with 

sample rotation that is very similar to the observed experimental results for sam

ples with inequivalent stacks. The linewidths of the absorption are not strictly 

Lorentzian but rather contain a slight asymmetry. The degree of asymmetry is due 

to the linewidth terms in equations 4.14. This asymmetry of the line is a second 

order effect in the ratio of the linewidth to the separation of the lines. 

We can again consider some special cases. For ^(f)^ + fise)! \9-PHo\ w e a r e 

close to the uncoupled system. The spectra will consist of two lines with the inten

sities, positions and linewidths close to those predicted for the uncoupled system. 

In the other extreme with \h(flAe -f fiBe)| ~> \g-(3H0\ we have a strong and a weak 

line at a separation in energy close to |/i(fiAe + ^Be)|- When g_ = 0 we again find 

only one line with all the susceptibility of the system. 

The sign of J determines if the symmetric or antisymmetic mode has higher 

energy. For J > 0 we have the symmetric mode with higher energy or antiferro-

magnetic coupling between the spins on different stacks and conversly for J < 0 

we have a lower energy symmetric mode or ferromagnetic coupling. In the T C N Q 

salts the vanishing ESR line is observed at higher magnetic magnetic field or lower 

energy. This means that for these T C N Q salts the coupling between the spins on 

inequivalent stacks is antiferromagnetic. 

There are two significant differences between the uncorrelated and the correlated 

cases. The first is that the uncorrelated case predicts only two lines that are very 

similar to the observed ESR spectra. A second difference is a direct dependence of 

the coupling between the stacks on the overall susceptibility of the system. This 

manifests itself in the dependence on £lAe or fi B e rather than on J throughout the 

theory. One can conclude that the theory for the uncorrelated case is a reasonable 
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candidate to fit the experimental ESR data for T C N Q samples with inequivalent 

stacks. In the next section we will explain the method used to fit to experimental 

data for the case of D E M ( T C N Q ) 2 with this model. 

4.4 F i t o f t h e T h e o r y f o r t h e c a s e o f n o C o r r e l a t i o n t o t h e E x p e r i m e n t a l 

D a t a 

In order to consider the parameters for fitting the data to the theory we first recall 

the case of non-interacting stacks. For a given non-interacting crystal at a fixed 

temperature we first parametrize the g values of each each stack for each of the 

three rotations about three orthogonal axes using equation 2.1. This provides a 

total of 18 parameters for a system with two independent stacks. The g value 

parameters can then be used to calculate the g tensor for each stack with respect 

to a set of fixed coordinate axes by the method explained in chapter 2. 

The susceptibilities are constant to about 5 parts in 104 for each stack. Since the 

experiment in not sensitive enough to detect such a small change in the susceptibility 

we can treat the susceptibility of each stack as a constant. In our experiment we 

only detect the susceptibility of each stack normalized to the total susceptibility of 

both stacks. This means one measurable parameter. We do not fit the halfwidths 

to a theory so we do not introduce any parameters from this source. Consequently 

for a non-interacting system of two T C N Q stacks we have a total of 19 parameters. 

We now consider the same measurement on the real crystal with interacting 

stacks. The g values of each stack enter the theory through the frequncies uA and 

U>B- The normalized susceptibility of the stacks depends only on the ratio n ê 

The linewidths involve two more relaxation times, TAe and T#e in the interacting 

case than in the non-interacting case. We must consequently postulate a relationship 
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between these extra relaxation times and the relaxation times TA and TB, in order 

to calculate the four relaxation times from the data at each orientation of the crystal 

from the measured linewidth data. We have used for this relationship a dependence 

of the form TAe = ^TA and Tse — \TB with k either a constant or a function of the 

other parameters in the theory. The form of k is chosen to best fit the halfwidth 

data in the overlap area where the impact of cross-relaxation between the stacks 

should be most significant. We will discuss this question further when we consider 

the linewidth results in the next chapter. It should be noted that the relaxation 

times do not have a very significant impact on the other parameters because the 

relaxation times enter into the theory for g values and susceptibilities only in second 

order in the ratio of the linewidths to the separation of the lines. 

Apart from the linewidths that have only a marginal impact on the fit to the 

g values and the susceptibilities, the only parameter introduced by the theory is 

n ê + flBe This is actually the product of J/N and the total susceptibility of crystal. 

We will be treating this parameter as a function of temperature for a given T C N Q 

compound; however we will not assume any particular temperature dependence of 

this parameter to be that of the total susceptibility. We are actually allowing J 

itself to vary with the temperature and with the type of T C N Q compound. 

The experimental ESR spectra were fit to Lorentzian lineshapes as explained 

in section 2.1. This involves ignoring the asymmetry of the lines predicted by the 

theory. The error introduced by this approximation can be estimated from the 

calculated assymetry after a fit of the theory to the data is made. From this fit to 

Lorentzian spectra the data was reduced to the parameters of the Lorentzian fit. 

This reduced data consists of the g values, the ratio of the susceptibilities of each 

line to the total susceptibility and the halfwidth of the lines. This reduced data 

was then fit to equations 4.14 and to the equations for the g values and halfwidths 
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in the set of equations 4.10 simultaneously with 20 parameters. 

The parameters for this fit were determined as follows. The values of gA and gs 

were parametrized by equation 2.1 for each of the rotation axes. This provided a 

total of 18 parameters to the fit. The last two parameters were UAe and UBe. This 

is in fact only two independent parameters over the parameters that would be used 

for the uncoupled system. 

The halfwidth data were incorporated by making an approximation since a the

ory that would fit the uncoupled halfwidths well with a few parameters is not known 

for this particular case. This approximation consisted of assuming the same relax

ation time for both stacks thereby negecting the difference between the relaxation 

times when compared to the separation between the lines. This should not be 

confused with the difference between the measured linewidths which is larger par

ticularly in the crossover region. The advantage of this approximation is that only 

the sum 7^ + 7^ has to be determined. This sum is infact equal to an experimen

tally measurable quantity ^r- + f- and is consequently easily determined. The same 

approximation was made in incorporating the cross relaxation times TAe and Tse-

The result is that the theory to which we propose to fit the ESR data of a 

T C N Q compound with crossing energy levels involves only one extra parameter, J 

to account for the interaction between the inequvalent stacks. The other parameters 

are determined by the theory for non interacting stacks. 



Chapter 5 

D E M ( T C N Q ) 2 Results 

5.1 The g Value Measurements 

The ESR measurements on D E M (TCNQ) 2 were performed at both 77 K and 298 K 

by the method of chapter 2. The data were fit to the theory of section 4.3 as 

explained in section 4.4. The g values for rotations about the three orthogonal axes 

a, b and c ares shown in figures 19 to 21 for the measurements at 298 K and in 

figures 22 to 24 for the measurements at 77 K. The plots show the actual g value 

data of the coupled modes. At the orientations where both modes were observed 

the measured data has been labeled 'o' or ' x' in the plots to correspond to the stack 

A or B which has the greater influence in the particular coupled mode. The A and 

B labels correspond to the notation of reference [13] This notation will be followed 

in the fit to the theory shown by the solid line and the g values of the individual 

stacks, gA and gs, determined from the theory shown by the dotted lines. The last 

two g values would be the measured g values of the individual stacks if there were 

no interaction between the stacks. 

The g values, gA and gg, are expressed in terms of the parameters a,, /?,-, and 7, 

using equation 2.1 within the theory and were used to calculate the g tensor princi

pal values and direction cosines by the method of section 2.3. This method allows 

51 
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Principal Direction Cosines 
Values a b c 

2.002318(6) -0.177(8) 0.201(6) 0.963(2) 
2.002989(6) -0.024(8) -0.980(2) 0.200(4) 
2.003273(6) 0.984(1) 0.013(9) 0.178(5) 

Table III: Principal Values and Direction Cosines for the g Tensor of the A Stack 
of D E M ( T C N Q ) 2 at 298 K 

Principal Direction Cosines 
Values a b c 

2.002313(6) -0.601(3) -0.604(4) 0.522(4) 
2.002769(6) -0.511(4) 0.794(2) 0.330(4) 
2.003438(6) 0.614(1) 0.069(2) 0.786(2) 

Table IV: Principal Values and Direction Cosines for the g Tensor of the B Stack 
of D E M ( T C N Q ) 2 at 298 K 

a direct comparison between the g tensors of T C N Q compounds at different tem

peratures or between different compounds that is independent of the various values 

of J or even of the presence of inequivalent stacks and the interaction discussed 

in chapter 4. The resulting g tensors and direction cosines are given in tables III 

and IV for the results at 298 K and in tables V and VI for the results at 77 K. 

The experimental errors in the g tensors in this case have the same sources as 

in the case of M E M ( T C N Q ) 2 ; however the relative importance of these sources 

is different. We first consider those errors that are the same as in the case of 

Principal 
Values a 

Direction Cosines 
b c 

2.002363(6) -0.164(6) 0.170(8) 0.972(2) 
2.002976(6) 0.041(9) -0.983(2) 0.179(6) 
2.003333(6) 0.986(4) 0.069(9) 0.154(6) 

Table V: Principal Values and Direction Cosines for the g Tensor of the A Stack of 
D E M ( T C N Q ) 2 at 77 K 
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Figure 20: g Value of D E M ( T C N Q ) 2 for a Rotation about b at 298 K. The solid 
line is a fit to the theory. The dotted lines are plots of gA and gB-
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Figure 21: g Value of D E M ( T C N Q ) 2 for a Rotation about c at 298 K. The solid 
line is a fit to the theory. The dotted lines are plots of gA and gB. 
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Figure 22: g Value of D E M ( T C N Q ) 2 for a Rotation about a at 77 K. The solid line 
is a fit to the theory. The dotted lines are plots of gA and gB-
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Figure 23: g Value of D E M ( T C N Q ) 2 for a Rotation about b at 77 K. The solid line 
is a fit to the theory. The dotted lines are plots of gA and gB. 
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Figure 24: g Value of D E M ( T C N Q ) 2 for a Rotation about c at 77 K. The solid line 
is a fit to the theory. The dotted lines are plots of gA and gB. 
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Principal 
Values a 

Direction Cosines 
b c 

2.002294(7) -0.593(4) -0.610(7) 0.525(5) 
2.002733(6) -0.518(4) 0.788(4) 0.332(5) 
2.003478(6) 0.617(3) 0.075(3) 0.784(2) 

Table VI: Principal Values and Direction Cosines for the g Tensor of the B Stack 
of D E M ( T C N Q ) 2 at 77 K 

M E M ( T C N Q ) 2 . The quoted experimental error in the calibration sample g value 

is still 2 x 10"6. The error due to the magnetic field inhomgeneity is again less 

than 2 x 10 - 6 since the D E M ( T C N Q ) 2 sample was placed at the same distance 

from the calibration sample as the M E M ( T C N Q ) 2 sample. The errors due to the 

sweep of the magnetic field are again the same with a range between 1 x 10~7 and 

6 x 10~7 depending upon the difference in g value between the calibration and the 

D E M ( T C N Q ) 2 samples. 

There are two errors that are significantly different. The error in determining 

the alignment of the cube was estimated to be somewhat lower. This is due to the 

fact that we now have four sets of 69l since we have two independent stacks at two 

different temperatures. We used the average of the 66, determined from the data of 

each stack to calculate «5t9, for the crystal at a given temperature. We the calculate 

the error by solving for the g tensor principal values and direction cosines at a given 

temperature using the «50, from both temperatures using the same method that was 

used for M E M ( T C N Q ) 2 . The result is a smaller error in g from this source since 

the 66i were determined more accurately using the data from the two inequivalent 

stacks in D E M ( T C N Q ) 2 rather than the single type of stack in M E M ( T C N Q ) 2 . 

The error from this source was found to be between 2 x 10~6 and 4 x 10~6. 

The other error that is different is the statistical error from the fit of the data 

to the theory. A typical value for this error is 6 x 10~7. This is still small when 
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compared to other sources of error but is significantly larger than the same source of 

error in the case of M E M ( T C N Q)2 inspite of the fact that five times as many data 

points were taken for the D E M (TCNQ) 2 measurements. The error arises mostly 

from the error in the determination of the total coupling frequency, QAe + n B e, 

between the stacks. 

There is one source of error that is not present in the M E M ( T C N Q ) 2 case. This 

is the error due to the approximation of ^ — by 0 in the fit to the theory. This 

error is about 5 x 10"7 for the 298 K data and 1 x 10~8 for the 77 K data. In 

calculating the total error in the g tensor principal values all of these sources of 

error are treated as statistically independent. 

5.2 Re la t ionsh ip of the g Tensors to the C r y s t a l S t ruc tu re 

In the case of D E M ( T C N Q ) 2 we can compare the relative orientations of the g Ten

sors to the crystal structure. This comparison can be used to determine whether the 

principal values of the g Tensors do in fact correspond to the symmetry directions of 

the individual T C N Q molecules as determined from the X-ray data of Morssink and 

von Bodegom [8]. In table VII and we present the angles made between each of the 

symmetry directions of the A T C N Q molecule with the corresponding direction on 

the B T C N Q molecule together with the angle made between each of the principal 

vectors of the A g tensor with the corresponding principal vector of the B g ten

sor. This last correspondence is made by identifying the smallest principal value of 

the A g tensor with the smallest principal value of the B g tensor, and similarly 

for the intermediate and largest g values. We label the angles between symmetry 

directions of the T C N Q molecules 0M, 6i and 6^ where A r , L, and M correspond 

to the directions defined in chapter 2. The angle between the principal vectors of 
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Temp 
(K) 

dm 6 i 0n 0M 

(deg) 
0L 

298 41.8(4) 60.8(5) 46.6(4) 
294 38.2(1) 57.4(1) 55.4(1) 

77 42.7(5) 59.7(6) 46.1(6) 

Table VII: The Relative Orientation of the g Tensors and the T C N Q molecules in 
D E M (TCNQ) 2 . The angles 6m, 6n and 6m are the angles between the principal 
vectors of the A and B g Tensors and the angles 6M, ON, and Oi are the angles 
between the N, M, and L directions of the A and B T C N Q molecules as determined 
from the data of Morssink and van Bodegom [8j. 

the g tensors are labeled 0m, 0[ and 0n, where n, I, and m are chosen so that gm 

is largest gi the intermediate and gn the smallest principal value. We choose the 

all the angles to be in the range 0 = 0° to 90° The errors in the angles determined 

from the g tensors were determined from the experimental errors in the direction 

cosines of the g tensors. The errors in the angles calculated from the X-ray data 

are the rounding to the first decimal place. The experimental errors that would 

be calculated from the data of Morssink and van Bodegom [8] are in the second 

decimal place. 

The angles determined from the orientation of the g tensors at 77 K and 298 K 

do agree to within the experimental error. This is to be expected since no significant 

shift in the direction cosines with respect to a fixed set of axis was found between 

77 K and 298 K. The most significant result is that the relative angles between the 

principal vectors of the g tensor do not agree with the relative angles between the 

symmetry directions of the T C N Q molecule as determined by the X-ray data. This 

indicates that the orientation of the the g tensor is not entirely determined by the 

orientation of the individual T C N Q molecules, but one must also take into account 

the environment of these molecules in order to account for the experimental results. 

It is interesting to compare the g values of the individual stacks calculated 
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using the theory of chapter 4 from the experimental measured g values with the 

experimental data itself. The most significant difference is the repulsion of the 

coupled modes at the crossover point. This repulsion is proportional to QAe + fine-

The difference in g between the coupled modes and the g values of the individual 

stacks is less than 2 x 10 - 4 at 77 K and in many cases less than 5 x I O - 5 at room 

temperature. This difference is less than the systematic and statistical errors of 

many of the previous results [4,22]. This has allowed the reasonable fit of the data 

for coupled stacks to the theory for non interacting stacks that is found in these 

references. 

5.3 The Susceptibility Measurements 

The results for the normalized susceptibilities are shown in figures 25 to 27 for the 

298 K measurements and figures 28 to 30 for the 77 K measurements. The solid 

line in the figures corresponds to a fit to the theory that was performed at the 

same time as the fit of the g value data. The errors in the susceptibilities have a 

systematic component above the error due to the scatter of the data points. This 

systematic error arises from the small saturation of the lines which affects the two 

resonances differently since the linewidths are different. This error was estimated 

by comparing the results at different power levels within the range that was used for 

the measurements and was found to produce an error of about 0.04 in normalized 

susceptibilities. 

The measured parameters UAe and Use are the product of J and the suscepti

bilities of each of the T C N Q stacks. In our measurements we do not obtain reliable 

values of the total susceptibility as a function of angle as explained in chapter 2. 
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Figure 25: Normalized Susceptibility of D E M ( T C N Q ) 2 for a Rotation about a at 
298 K. The solid line is a fit to the theory. 
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Figure 26: Normalized Susceptibility of D E M ( T C N Q ) 2 for a Rotation about b at 
298 K. The solid line is a fit to the theory. 
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Figure 27: Normalized Susceptibility of D E M ( T C N Q ) 2 for a Rotation about c at 
298 K. The solid line is a fit to the theory. 



Figure 28: Normalized Susceptibility of D E M ( T C N Q ) 2 for a Rotation about a at 
77 K. The solid line is a fit to the theory. 
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Figure 29: Normalized Susceptibility of D E M ( T C N Q ) 2 for a Rotation about b at 
77 K. The solid line is a fit to the theory. 
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Figure 30: Normalized Susceptibility of DEM(TCNQ) 2 for a Rotation about c at 
77 K. The solid line is a fit to the theory. 
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Band Temp 
(K) 

Ag J 
( K x l O " 2 ) 

J/x 
(gauss2 x 109) 

XA/XB 

Q 298 0.00008078(46) 2.886(28) 2.28(3) 0.944(6) 
Q 77 0.00026029(37) 5.194(28) 2.30(2) 0.790(2) 
X 77 0.00025(2) 5.0(4) 2.2(2) — 

Table VIII: Inter Stack Exchange Constant and Ratio of Susceptibilities for D E M -
( T C N Q ) 2 

The value of J can be calculated by using the published results for the total suscep

tibility, X) of D E M ( T C N Q ) 2 [26]. Measurements of the total susceptibility do not 

need to take into account the coupling between the stacks and consequently should 

not be affected by the theory of chapter 4. The values of x from reference [26] 

are 0.00105(1) emu/mol and 0.00188(1) emu/mol at the temperatures 298 K and 

77 K respectively. These values were estimated for D E M ( T C N Q ) 2 from the plot of 

the susceptibility of D E M (TCNQ) 2 given in reference [26]. The value of J is then 

calculated using the equation 

J = ^ 5 (5.!) 
X 

where Ag = n ^ j ^ c ' and N0 is Avogadro's number since the susceptibilities are 

given for a mole in reference [26]. 

The experimentally measured values for Ag, J, J/x and XA/XB
 a r e given in 

table VIII. We also include the values calculated from the data of Schwerdtfeger 

and Wagner [22] at X-band and 77 K for comparison. No result for XA/XB was 

estimated from the X-band data, instead the value of XA/XB from the Q-band data 

at 77 K was used. The most significant result is that the value of J/x is the same in 

all the cases to within the experimental error. This indicates that J depends only 

on the susceptibility when the results at Q-band at 77 K and 298 K and the results 

at X-band at 77 K are compared. 
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The experimental errors in Ag were the errors obtained from the fit and the 

halfwidth approximation explained in the analysis of the errors in g since the other 

systematic errors in g can be neglected in this case. The errors in the results derived 

from published data only include the error in estimation from the published plots 

and do not include any errors in the the actual data since no estimate of these errors 

were given by the authors. 

As a check on how well the theory fits the experiment a xl test was performed on 

the g value and susceptibility data using the formula from Bevington [25, p. 202]. 

We found values for xl of 0.99 and 1.03 for the 298 K and 77 K data respectively. In 

this calculation the systematic errors in the experiment were used as the estimated 

errors in the data points since the systematic errors were the dominant errors in 

both the susceptibility and the g value data. The values for xl obtained indicate, by 

being close to 1, that the theory does fit the data well and that the error estimates 

were accurate. 

5.4 T h e H a l f w i d t h M e a s u r e m e n t s 

The halfwidth data are presented in figures 31 to 33 for the data at 298 K and in 

figures 34 to 36 for the data at 77 K. The solid lines are calculated from the 

theory with the assumption that the individulal halfwidths ^ and ^ are smooth 

functions of the rotation angle. We have assumed that the cross relaxation times 

y r - and are related to the relaxation times ^ and ^ by a relationship of the 

form 

with i — A,B. The parameter k is then assumed to be a function of the 20 param

eters of the fit to the g value and susceptibility data. This functional realtionship 
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Figure 31: Linewidths of D E M ( T C N Q ) 2 for a Rotation about a at 298 K. The solid 
line is a fit to the theory. 



Figure 32: Linewidths of D E M ( T C N Q ) 2 for a Rotation about b at 298 K. The solid 
line is a fit to the theory. 



Figure 33: Linewidths of D E M ( T C N Q ) 2 for a Rotation about c at 298 K. The solid 
line is a fit to the theory. 



Figure 34: Linewidths of D E M ( T C N Q ) 2 for a Rotation about a at 77 K. 
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Figure 36: Linewidths of D E M (TCNQ) 2 for a Rotation about c at 77 K. 
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is chosen to best fit the halfwidth data particularly in the orientations close to the 

level crossing. A further requirement is that the spin-spin relaxation times =r- and 

^ be smooth functions of the orientation in the region of the overlap. 

We now consider the form of the linewidths of the experimentally measured 

lines in the overlap region. We find that the sum of the experimentally measured 

linewidths has an unexpected increase in the overlap region. This sum is equal to 

+ and consequently should not increase in the overlap region. We find that 

this unexpected increase is close to the inverse relaxation time of the narrower of 

the two lines with the inverse relaxation time of the broader line being close to what 

we expect for the sum of the measured relaxation times. This leads us to expect 

saturation of the narrower line in the crossover region. According to our theory for 

k = 1 at the crossover point the relaxation time of the narrower line should become 

infinite when compared to that of the broader line at the point where the levels 

cross, consequently saturation and overmodulation of this line would be expected. 

We will see in the next chapter that this is indeed the case. 

If we consider a region far from the level crossing we expect the cross relaxation 

times become infinite. This means that k = 0 in this region. With this in mind we 

have postulated a plausible functional form for k given by 

~ A 2 + nAenBe 

with 

(5.2) 

3 2 L 
Wfi - WA + VlAe - UBe - yj(WB - WA + UAe - n_se)2 + 4ClAeUBe 

This functional form for k was used to calculate the spin-spin relaxation times 

TA and TB, at each data point, of each individual stack using the values for the 

g values and susceptibilities obtained from the fit of the theory to the g value 
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and susceptibility data. The calculated relaxation times of each stack were then 

smoothed using cubic splines with the further constraint of no variation of the 

individual relaxation times in the crossover region. These smoothed relaxation 

times together with the assumed functional form of k were used to calculate again 

the linewidths of the experimentally measured lines. These calculations show that 

if we have no variation in TA and TB over the crossover region and a functional 

form for A: as given by equation 5.2 we can predict the experimental form of the 

linewidths in the crossover region. The predicted linewidths are shown as the solid 

lines that are drawn through the linewidth data at 298 K. This calculation was 

not performed at 77 K because reliable estimates of the spin-spin relaxation times 

of each individual stack could not be obtained in the overlap position due to the 

scatter in the data. 

The results of this calculation agree with the measured linewidth in the crossover 

region for the broad line. This calculation also predicts that the narrow line should 

have a vanishing linewidth which is not observed experimentally. We will see in the 

next chapter that this narrow line is saturated and overmodulated in the crossover 

region, and this prevents the experimental observation of the linewidth. If the line 

is so narrow in the overlap region then this can only be tested by a pulsed ESR 

experiment where this long spin-spin relaxation time could be measured. 

5 . 5 D i s c u s s i o n o f t h e R e s u l t s 

The most significant conclusion from the experimental results of this chapter is that 

the experimental data can be fit to the theory for the case of no correlation between 

the stacks. In introducing this theory only one extra parameter J is introduced. 

We have found J to have a temperature dependence that is the same as that found 
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for the total susceptibility to within the experimental error. This in fact means 

that only one parameter is introduced by the theory for measurements at 77 K and 

298 K. 

The g tensor data show some significant results. The first is that there is a small 

but measurable temperature dependence in the g value data even after accounting 

for the effect of the coupling between the stacks. A similar effect was also found 

in the results for M E M ( T C N Q ) 2 . As was the case for the M E M ( T C N Q ) 2 results 

there was no change in the direction cosines of the g tensor. This indicates that 

there were no measurable structural changes between the 77 K and 298 K data that 

could account for the difference in g value between the results at 77 K and 298 K. 

Another significant result is that the g tensor principal values of the A and B 

stacks are different. These values are also different from those found for M E M -

( T C N Q ) 2 . It was also found that the relative orientation of the principal values 

does not correspond exactly to the relative direction of the T C N Q stacks as found 

from X-ray data of Morssink and van Bodegom [8]. The basic conclusion is that the 

g tensors do infact depend on the environment of the T C N Q molecules and not just 

on the T C N Q molecules themselves as proposed by Tomkiewich et al. [16]. We will 

discuss this matter further and compare to other published results in chapter 7. 



C h a p t e r 6 

P o w e r S a t u r a t i o n M e a s u r e m e n t s o f D E M ( T C N Q ) 2 

6.1 T h e E S R E x p e r i m e n t 

In this chapter we propose to address the question of possible overmodulation or sat

uration of the resonance lines particularly in the region where there is an crossover 

of the resonances. We can detect the presence of saturation and overmodulation by 

comparing the susceptibility and halfwidth as a function of power with the results 

that would be expected for a saturated or an overmodulated line. 

In chapter 2 we described the ESR spectrometer and experimental method. We 

found that as a function of angle it was impossible to obtain reliable data for the 

total susceptibility. This was due to the fact that the power level at the sample 

could not be determined absolutely since the T C N Q and calibration samples were at 

different parts of the microwave mode in the cavity. We can however obtain reliable 

relative values of the absolute susceptibility as a function of power provided that 

the sample is not rotated in the cavity. This alone is not sufficient to determine if 

there is saturation as a function of angle since we do not have even an approximate 

estimate of the power as a function of angle. 

In order to determine if there is saturation as a function of angle we need an 

estimate of the possible variation in the microwave power at the T C N Q sample as 
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the sample is rotated in the cavity. We can obtain such an estimate by comparing 

the measured values of the total susceptibility of D E M ( T C N Q)2 at points where 

the energy levels of the two kinds of T C N Q stacks are far apart so that any possible 

saturation would be the same in both cases. If we make such a comparison we find 

that the power variation is at most 50% as a function of angle. We can then make 

comparisons between runs at different angles if we keep in mind that the power at 

the T C N Q sample can vary by not more than 50% over a 180° rotation of the crystal 

in the magnetic field. This allows a the detection of saturation of the resonances at 

certain angles. 

The measurement of the linewidth as a function of power provides an indepen

dent determination of saturation or overmodulation of the resonances. This allows 

us to detect an overmodulated line, since we can check for any saturation of the lines 

with the susceptibility measurements alone, by comparing the measured linewidth 

as a function of power with the results that would be expected for a resonance that 

is saturated but not overmodulated. 

6.2 Sa tu ra t i on and Overmodu la t i on of the Coup led Sp in Sys tem 

In treating the saturation and overmodulation of the coupled system we are assum

ing two uncoupled resonances at the positions of the actual resonances. We now 

consider the assumptions that have been made implicitly in this approximation. We 

first consider the saturation of the coupled system. To the equations 4.8 we must 

add two equations of motion for and to obtain the following equations of 
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(uA - u)SAy - f £ + f £ + ifa{SAvSBt - SBySAz) 

(6.1) 

(wB - W ) 5 B v - f £ + + ^{SBvSAt - S A y S B s ) 

- (w B - W ) £ B Z - + - ^{SBxSAz - SAxSBz) - " B ^ D * 

We have assumed a single spin-lattice relaxation time for both stacks of the crystal. 

The second assumption is that the spin lattice relaxation does not depend on the 

interaction of the stacks. This approximation involves neglecting terms of the form 

i^{SAySBx — SBySAx) in the equations for and and neglecting the effects 

of cross relaxation between the stacks on the measured spin-lattice relaxation time. 

We treat the 5,2 as constants when solving for the 5 t I and 5,y. This involves 

the sin 6 = 6 approximation disscused in chapter 4. The solution for Six and Siy 

is than the same as in chapter 4. We then approximate the results of chapter 4 

by assuming a lorentzian lineshape when there is no saturation. This involves 

neglecting the asymmetry in the lineshape introduced by the spin-spin relaxation 

times in the theory of chapter 4. With all of these approximations we find that the 

saturation behavior of the coupled resonances can be treated as the saturation of 

two uncoupled resonances. The treatment for a single resonance is given in many 

standard texts for example Poole [27, p. 563]. We can then have a standard that 

motion 

d S A , 

dt 

dS 

dt 

d S A ; 

dt 

dsn, 
di 

dt 

d S D z 

dt 
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can be used to compare our experimental data. 

6.3 Experimental Results 

The experimental results for the susceptibilities and halfwidths are shown in figs 37 

and 38. The random experimental errors in these results are manifested in the 

scatter of the data points. A more significant experimental error is the relative error 

in the power between the various angles and the absolute error in the power. The 

power measurements correspond to the power entering the cavity. The measure

ments do not indicate the power at the sample. The latter power is not known in 

absolute terms. This is not critical since the values of the susceptibility are given 

in arbitary units. The critical error is the variation in power between the various 

angles. In the previous section we estimated this variation to be about 50% over 

the full 180° rotation. For the range in angles the variation in power is about 20%. 

This variation occurs because of a change in the position of the T C N Q sample in 

the mode of the cavity that is not the same as the change in the position of the 

LiF .L i calibration when the sample is rotated. This error would be significant if we 

seek a quantitative measurement of J \ from the power measurements; however it is 

not significant if we seek only qualitative results as to the presence of saturation or 

overmodulation. 

6.4 Conclusions from the Power Data 

When we consider the power data we find that there is a profound difference in the 

susceptibility and halfwidth as a function of power between those angles close to 

the crossover and those angles that are far away from the crossover. A crossover 

angle from the data of chapter 5 is 6 = 113.0° for this orientation. The angle 112.5° 
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shows the most profound effect. The line is overmodulated. This can be seen from 

the change in the measured susceptibility with a constant halfwidth at low power. 

The increase in the susceptibility with higher power shows the effect of saturation. 

If we move away from the crossover region we find a less pronounced effect; however 

some overmodulation and saturation are still present. 

The qualitative picture is consistent with a very narrow line at the crossover 

point. It is not possible from these measurements to determine the actual linewidth 

of this line; however the measurements do show that the line is both overmodulated 

and saturated in the crossover region. Away from the crossover region there is still 

some overmodulation and saturation of this line, however the effect is much less 

significant particularly for orientations where the linewidth due to the spin-spin 

relaxation times is significantly broader than the minimum linewidth measured. 

In reaching these conclusions we first considered the case of saturation and no 

overmodulation. In such a case Poole [27, p. 593] predicts a constant measured 

susceptibility in the region where the halfwidth is constant. This was not measured 

experimentally particularly in the runs close to the crossover. It is this last result 

that leads to the prediction of overmodulation as well as saturation in the lines at 

angles close to the crossover region. 

An important experimental question is the source of the overmodulation. We 

found that reducing the applied modulation of the magnetic field did not affect 

the linewidth of these resonances. The source of this overmodulation is due to 

modulation of the microwave frequency by the A . F . C . This has the same effect on 

the linewidth as an equivalent modulation in the magnetic field. When the effective 

magnetic field modulation from this source is calculated it is indeed found that the 

variation in the microwave frequency at a given point in a magnetic field scan is 

comparable to the linewidth of the high g value line in the crossover region. As a 
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further check of this effect the A . F . C modulation was varied and a profound effect 

on the lineshape was found when this modulation was increased. Schwerdtfeger [28] 

had found a similar distortion of the resonances at X-band for the ESR lines of 

D E M ( T C N Q ) 2 at 40 K , the temperature where the narrowst lines occured. 

We must now relate the measurements of this chapter to the results of chapter 5. 

The power levels were typically 0.05 mwatt to 0.10 mwatt for the input power to 

the cavity. This would indicate some saturation of the resonances but the most 

significant distortion would be the overmodulation of the high g value line in the 

crossover region. The basic conclusion is that the linewidth of the high g value line 

in the crossover region is likely much narrower than values given in chapter 5. The 

measurements as a function of power have shown that the results of chapter 5 do 

not contradict the prediction of a vanishing linewidth given in of chapter 4; however 

the power measurements do not comfirm this prediction either. 



C h a p t e r 7 

C o n c l u s i o n a n d C o m p a r i s o n w i t h O t h e r R e s u l t s 

7.1 P r e l i m i n a r y R e s u l t s o n H M M ( T C N Q ) 2 

As mentionend in the introduction H M M ( T C N Q ) 2 shows a similar behavior to 

D E M ( T C N Q ) 2 . When considering the case of H M M ( T C N Q ) 2 we must first consider 

the crystal structure. This crystal structure has been given by Oostra et al. [15] 

and by Visser [5, p. 49]. This salt contains four T C N Q stacks in the unit cell that 

are connected by a four-fold screw axis. A significant difference in H M M ( T C N Q ) 2 

is that unlike the case of D E M ( T C N Q ) 2 the stacks are related to each other by a 

symmetry operation. This means that the g tensors of each of the four T C N Q stacks 

should also be related by the same symmetry operation. In particular the principal 

values of the g tensor should be the same for the four stacks in H M M ( T C N Q ) 2 . 

This difference is significant because, unlike the case of D E M ( T C N Q ) 2 , it would 

not be possible to determine if the g tensor depends on the crystaline environment 

from measurements on H M M ( T C N Q ) 2 alone. In most orientations the four stacks 

in H M M ( T C N Q ) 2 will lead to four ESR resonances. A maximum of twelve possible 

crossovers in the g values are possible for an rotation through 180° since each pair 

of stacks can produce two crossovers. 

We first consider the results of Oostra [4, p. 107] at 40 K shown in fig. 39. 
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The data show the experimental results for a rotation about the a crystal axis, 

the latter being determined to an accuracy of 15°, together with the theory for 

no interaction between the stacks. Although the data are close to the theory, the 

differences cannot be explained entirely by the quoted experimental error. The most 

important of these is the repulsion of the levels that is indicated in figure 40 by the 

solid line. This repulsion is very similar in magnitude to the effects observed in the 

data of chapter 5 for D E M ( T C N Q ) 2 . 

The behaviour of the susceptibilities is again similar to the results for D E M -

( T C N Q ) 2 in that the low g value line vanishes as the crossover is approached. In 

this case however the lower g value pair of lines vanishes with respect to the high 

g value pair as the crossover is approached. This behavior is in qualitative agreement 

with the theory given in chapter 4., 

There are also very recent preliminary measurements by Radzikowski and Cher-

nin [29] and by Ma [30] at 77 K that show the same kind of repulsion of the levels 

at some of the crossovers. The results for the susceptibilities in these two sets of 

measurements are again in qualitative agreement with the results of Oostra. 

One can conclude that the theory of chapter 4 if expanded to allow for the 

multiple interactions in H M M ( T C N Q ) 2 can be used as a starting point to explain the 

g values and susceptibilities of H M M ( T C N Q ) 2 . A quantitative comparison would 

require the full solution of the theory for this case together with more accurate 

experimental data. 
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Figure 39: g value of H M M ( T C N Q ) 2 for a rotation about a from ref. [4, p. 107]. 
Dots represent the most intense lines. Drawn lines: theory (for no interaction 
between the stacks). 
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Figure 40: g value of H M M ( T C N Q ) 2 for a rotation about a from ref. [4, p. 107]. 
Dots represent the most intense lines. Drawn lines: An Estimate of the repulsion 
that would be expected for a similar interaction between the T C N Q stacks to the 
interaction found in D E M ( T C N Q ) 2 . 
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7.2 The Dependence of the g Tensor on the Environment of the T C N Q 

Molecules and on the Temperature 

Previous authors have found the angular dependence of the g value to have a small 

anisotropy for the T C N Q salts [4, p. 104], typical results would be gi = 2.0028, 

gM = 2.0036, and g^ = 2.0024, where L, M , and N correspond to, the long axis in 

the plane of the T C N Q molecule, a direction perpendicular to L in the plane of the 

T C N Q , and the normal to the plane. Tomkiewicz et al. [16] and Walsh et al. [17] 

have proposed that the g values only depend on the direction of the magnetic field 

with respect to the T C N Q molecule [17,16], and do not depend on the temperature 

or on the environment of the T C N Q molecules; however as noted in the introduction 

Tomkiewicz et al. allow for an error of up to ±0 .0004 in the g value. The results of 

Kiirti and Menczel place a limit of ± 0 . 0 0 0 0 5 for the differences in the g tensors of 

three T C N Q salts. These results are shown in table IX. A fundamental question is 

whether the results of Kiirti and Menczel can be extrapolated to other T C N Q salts 

as proposed by Oostra [4, p. 104]. The question as to the significance of the slightly 

different results reported by various authors [4, p. 104] for different compounds is 

by no means clear. 

We present a collection in table IX of previous results and compare these results 

with our results for M E M ( T C N Q ) 2 and D E M ( T C N Q ) 2 , in an attempt to illucidate 

this question. These results show that based on the previous experimental errors 

the assumption that the g tensor only depends on the orientation of the T C N Q 

molecules in the magnetic field was a plausible assumption. The results for D E M -

( T C N Q ) 2 and M E M ( T C N Q ) 2 show however that there are small but measurable 

differences in the g tensor when the temperature or the crystalline environment 

is changed. A very significant difference is found between both kinds of T C N Q 
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Compound Temp. 

(K) 
9M 9L 9N Ref. 

NPQn(TCNQ); 295 2.00356(5) 2.00279(5) 2.00236(5) [31] 
T E A ( T C N Q ) 2 295 2.00355(5) 2.00276(5) 2.00236(5) [31] 
Q n ( T C N Q ) 2 295 2.00360(5) 2.00273(5) 2.00242(5) [31] 
H E M ( T C N Q ) 2 2.00363 2.00277 2.00242 [4, p. 104] 
M E M ( T C N Q ) 2 298 2.003332(8) 2.002770(7) 2.002318(7) Chapt. 3 
M E M (TCNQ) 2 77 2.003413(8) 2.002776(6) 2.002333(7) Chapt. 3 
D E M ( T C N Q ) 2 (A) 298 2.003273(6) 2.002989(6) 2.002318(6) Chapt. 5 
D E M ( T C N Q ) 2 (A) 77 2.003333(6) 2.002976(6) 2.002363(6) Chapt. 5 
D E M ( T C N Q ) 2 (B) 298 2.003438(6) 2.002769(6) 2.002313(6) Chapt. 5 
D E M ( T C N Q ) 2 (B) 77 2.003478(6) 2.002733(6) 2.002294(6) Chapt. 5 

Table IX: g Tensor of Various T C N Q Compounds. The errors for ref [31] are relative 
errors. The absolute error in this data is 3 x 10"4. The data of ref. [4] contain no 
error or temperature since none were given. 

stacks in D E M (TCNQ) 2 . This difference is larger than even the previously quoted 

experimental errors. 

The results at different temperatures show that the systematic trend proposed by 

Conwell [18] in the data of Clark et al. [19] for Qn(TCNQ) 2 is significant. Conwell's 

assertion is that there is an increase in the largest principal value of the g tensor 

of 0.00011 between 298 K and 1.4 K is in good agreement with the increase in 

the analogous principal values of both stacks of D E M ( T C N Q ) 2 and of the single 

stack of M E M ( T C N Q ) 2 when the temperature is lowered from 298 K to 77 K. This 

indicates that the trend in the data of Clark et al. is indeed real since the errors 

in the D E M ( T C N Q ) 2 and M E M ( T C N Q ) 2 results are much less than the error of 

± 0 . 0 0 0 1 0 estimated for the Qn(TCNQ) 2 data. 
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7.3 Conclusions and Further Experiments 

We have shown that the behavior of the ESR resonances when there is a level 

crossing in T C N Q compounds can be explained in terms of an interaction of the 

form J'E.ij S,Sj between the different type of T C N Q stacks. The incorporation of 

this interaction can account for the significant variation in the susceptibilities of 

each mode without a comparable change in the g value. We can also explain the 

repulsion of the levels that is observed at the crossovers. The theory predicts a 

vanishing linewidth for the high g value mode at the crossovers. This linewidth was 

not observed due to the experimental limitations. 

The experimental results also have shown to what extent the g tensors depend on 

both the temperature and the crystalline environment of the T C N Q molecules. This 

dependence could be as high as 8 x 10"5 for the temperature and 2 x 10 - 4 for the 

crystalline environment of the molecules for D E M ( T C N Q ) 2 and M E M ( T C N Q ) 2 . 

An example of this conclusion is that the data of Kiirti and Menczel cannot be 

extrapolated to other T C N Q salts with the same differences in the g tensor between 

compounds. We have also obtained an estimate of the minimum error intoduced by 

making the assumption that the g tensors of T C N Q salts are given by the molecular 

g tensors as proposed by Tomkiewicz tt al. [16] and Walsh tt al. [17]. 

An interesting question for further research is the linewidth of the high g value 

line at the crossover points. This would require a fundamentally different approach 

to the experiment. One could consider a pulsed type of experiment or an continuous 

wave experiment where there was no magnetic field modulation and no A F C with 

a very low Q cavity. The latter experiment would pose considerable detection 

problems if it were at all feasible. 
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