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NMR study of localized electrons in conductive Langmuir-Blodgett films
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An investigation of nuclear spin lattice relaxation was performed on a conductive Langmuir-Blddggett
film based on a charge-transf&@T) complex of bisethylenedioxytetrathiafulvale(®0) and decyltetracyano-
quinodimethane (TCNQ). The characteristic peak of the relaxation ﬂi{é of *H was observed at a low
temperaturé€10 K). As in its pristine solid (BO-GTCNQ compley, the behavior of the relaxation rate was
explained by the theory of localization. From the quantitative analysis of the behavior, the detailed dynamics
of the localized electrons in the LB film were successfully obtained. In addition, the outer-planar anisotropy of
Tl‘1 of H was observed in the LB film. This indicates that the observed echo mainly originatedft@mnthe
end ethylene groups of BO. The fact that the field dependence of this anisoTrpbiis well fitted by the
cosine curve provides detailed information of the hyperfine structures in the LB film. Considering these results
in combination with those of the temperature dependenc@l’df, it is concluded that the variance of each
level of BO is small and that the nature of disorder in the LB film is that of a continuum.
[S0163-18209)05703-3

I. INTRODUCTION that the origin of the Curie component may be attributed to
disorders. Therefore, we expect that localized electrons exist

Langmuir-Blodgett(LB) films based on the donor mol- in the LB film. In our previous paper, we reported that the
ecule of bisethylenedioxytetrathiafulvalerfBO) have re- nuclear relaxation rate ofH in BO-C;;TCNQ powder ex-
cently been the subject of much interest because of theftibited a peak at low temperaturé&Ve proposed that the
flexible design ability of two-dimensionaD) molecular peak can be interpreted as Anderson localization in weakly
assembly and their stability in ultrathin metallic systefrs.  disordered systems. We therefore considered that the detec-

A conductive LB film formed from a charge-transf@T)  tion of the localization in the LB film can also be made by
complex of BO and decyltetracyanoquinodimethanethe NMR method.

(C1,TCNQ) and from icosanoic acid achieved the macro- Especially at low temperatures, Anderson localization,
scopically metallic nature without doping for the first time. Which is the interference effect of electron waves, becomes a
The temperature dependence of the conductivity of theénatter of great importance rather than the “particle” image
BO-C,,TCNQ LB film is at its maximum at around 250 K. of electrons in the form of the propagation of electron wave
Below this temperature, the conductivity shows an exponenpackets. The reason for this is that the inelastic scatterings
tial decrease due to a percolation effé@us the nature of fall off along with the decrease in temperature. In order to
this film reflects the existence of the semiconducting domair®btain highly stable metallic LB films, we must explore this
boundaries. localization mechanism that hinders the stability.

A recent paper has reported that LB film formed from BO  Accordingly, we here investigate, to our knowledge for
and behenic acid preserves metallic conductivity down to dhe first time, the localized electrons and the nature of disor-
considerably low temperaturd4 K).2 The stability of the ders in conductive LB film by measuring the spin lattice
metallic state of this film originates from the realization of relaxation time of'H in the BO-GTCNQ LB film, particu-
the uniform layered structure of BO. This stability also indi- larly in the low-temperature region of 2—14 K.
cates that the effect of the domain boundaries is strongly

suppressed. The semiconducting domain boundaries thus Il. EXPERIMENT
play an important part in this wide difference of macroscopic
electrical conductivity. The BO-GoTCNQ complex is prepared by mixing two

Atomic force microscopy measurement of thehot solutions of each component. The composition is
BO-C,;,TCNQ LB film has shown that the film structure is (BO)1o(C15TCNQ),(H,0) from the elemental analysisin
granular with a domain size of Jum,S Electron spin reso- the preparation of the LB sample, the horizontal lifting
nance(ESR measurement has demonstrated that the spimethod was adopted. The sample consisted of 200 monolay-
susceptibility of the BO-GTCNQ LB film is separated fol- ers that correspond to about 2 mg in the weight of BO. A
lowing two temperature domaing1) Pauli susceptibility —silicon sheet with a thickness of 1 mm was used as substrate.
which originates from conduction electrons in BO above 50The acetonitrile solution of the BO;gTCNQ complex with
K: (2) Curie-like susceptibility below 50 K.The former be- a molar concentration of %104 mol/l in the unit of
havior indicates the existence of 2D metallic domains comC;,TCNQ and the benzene solution of icosanoic acid with a
posed of BO stacks. concentration of X 10~% mol/l were mixed at the same vol-

The former behavior is consistent with the linear temperaume ratio. The temperature dependence of thenuclear
ture dependence of thermoelectric powérshould be noted  spin lattice relaxation tim&; was measured at the resonance
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enhancement of the rate itself was still more suppressed than
in the case of the rate at 43.2 MHz.

With regard to the drastic increase and the peak{olf of
the LB film, the following three possible causes can be pro-
posed: (1) antiferromagnetic spin ordering2) molecular
motions, and3) disorders.

The first possibility is eliminated by the temperature de-
pendence of the ESR linewidth of the film. With regard to
the second possibility, the Bloembergen-Purcell-Pound peak
10 15 due to the motion of the end ethylene groups of the well-

Temperature (K) known donor bisethylenedithiotetrathiafulvalenEDT-
TTF) has been observed over 250°& But taking into ac-

FIG. 1. The temperature dependence Tgf* of 'H in the  count the temperature region of the nuclear magnetic
BO-C;oTCNQ LB film at 11.3, 43.2 and 113 MHz. The solid curve resonancéNMR) measurement, it is difficult to explain the
is fitted by the theoretical formuléEq. (1)] for localization in increase and the peak by the second poss|b|||ty As will be
weakly disordered systems. The broken curves are reproductivgjiscussed later, these two possibilities are completely ruled
using the parameters in Table I. The behaviors of the increase &, by the observation of anisotroplg . As to the last pos-
11.3 and 43.2 NHz are consistent with the frequency dependence %ﬁbility, we have already mentioned in Sec. | that the relax-
Eq. (1) as a whole. ation rate of the BO-¢TCNQ powder exhibits the peak due

to Anderson localization at low temperatures.
frequency of 11.3 and 43.2 MHz in the temperature range of The solid curve in Fig. 1 is a fitted curve of the data at
2-8 K, using single- and three-coil geometry, respectivelyl113 MHz by the theory of localization in weakly disordered
The direction of the external field was normal to the sub-systems. If the lifetime of electrons in the localized state
strate. Despite the high accumulation of the LB fil@00 follows power-law dependence;,=kTP, the theoretical
layers, the observed spin echo collapsed into the thermallycurve is expressed as
activated noises abevs K at11.3 MHz and abow 8 K at
43.2 MHz. To protect the echo from the fluctuation of the ,
noises, the resonance frequency was sharply increased upto T; =C
113 MHz. In addition, the frequency of the integration was

also increased. This suppressed the effect of the noises apghere C is the Korringa constante, the resonance fre-
allowed the measurement uptoa hlgher temperﬁ(ﬂ}td() qguency, andz-c the localization time.
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The outer-planar anisotropy of thtH nuclear spin lattice The fitted parameters are listed in Table I.
relaxation time was measured at 4.2 K and the resonance The broken curves in Fig. 1 are reproduced by using these
frequency of 43.2 MHz. parameters. As shown in Fig. 1, these curves closely follow
the behaviors of the increase of the rate at 11.3 and 43.2
MHz.
Ill. RESULTS AND DISCUSSIONS From Eg.(1) and the values in Table I, we obtain values
of k and 7, as k=8.75x10° s 'K™5 7 '=1.06

A. Dynamics of the localized electrons in the LB film Y10t o1
Figure 1 represents the plots of the relaxation rate versus Tpe hobping transition temperatufe is determined by
temperature at the frequencies of 11.3, 43.2, and 113 MHzpe formula ofrin(To) = 7. Therefore, we can estimate the

As the temperature becomes higher, the relaxation rate ?émperature a¥,=31kr,=2.61X10 K.
11.3 MHz increases gradually, and then makes a drastic in- 11 exponenCp:5 of ;in in the BO-G4TCNQ LB film is

crease at above 3 K. Similarly, the rate at 43.2 MHz exhibit51arger than that of the BOGTCNQ powder p=3). Fur-
a characteristic increase over 4.2 K, but the increase is Motg o more ther . of the BO-G,TCNQ LB film (=26.1 K) is
1 (o] .
graduzgl tEafn that at_11.3hMHz. f the d | __higher than that of the BOGTCNQ powder(=18.9 K).
At both frequencies, the errors of the data plots are inypaqe regults suggest that the dimensionality of phonons and

cre_a;mgly enhanced with the increase .Of the temperaturg, e gjectronic mean free path for elastic scattering are differ-
This indicates that the errors can be ascribed to the thermallé(nt between the LB film and its pristine solid

activated noises.
For this reason, the measurement of the temperature de-
pendence of thd; was also carried out at still higher fre-
guency (113 MH2). In consequence, the higher field pre- In the BO-GoTCNQ LB film, the anisotropy is observed
vented the data plots from fluctuating and the peak of thevith respect to they value and the linewidth for conduction
relaxation rate was successfully observed at 10 K. But thelectron spins in BO, while those for TCNQ spins exhibit no

B. Anisotropy of the relaxation rate in the LB film
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Then the core terma is reduced to &B/3r8= 1.78
X10° kOe, where r, is the Bohr radius
(=0.529 A). B.=uglric is the dipole term, which is
estimated to be 1.6810 kOe, using C-H bond length
(=0.95 A). o, anday are the spin densities at the carbon
and the proton site of the end ethylene group, respectively.
We replaceoya and o 8. with a and b, respectively.
Then the expression forTgT) " in terms ofag, by is ex-

.0946-0. ]
006l 0.0946-0.0164 COS2 [ | pressed by
9
0.04f . 2 "
% 1 vik (w)
substrate _ | "B 2 Xq (7 3
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H_LSUBSTRATE H || SUBSTRATE whered is the angle between the symmetry axisakis) and

the direction of external field, anglis the scattering vector.
FIG. 2. The outer-planar anisotropy af; ! of H in the o 9

BO-C,,TCNQ LB film at 43.2 MHz and 4.2 K.
D. Analysis of anisotropich‘1 in the LB film
clear anisotropy’ The anisotropy is a clear evidence of the  As shown in the Appendix, we see that the macroscopic
“orientational” order of BO molecules in the LB film. hyperfine field tensoASUb is equiva|ent toA except for the
As shown in Fig. 2, the relaxation rate in the LB film at s|ight correction of the dipole term. So, we repldoaith «xb
4.2 K exhibits clear anisotropy according to the outer-planafy Eq. (3). If we consider only the uniform part, the fre-
direction of the external field. The anisotropyDf is caused  quency dependence &t _o(w) is linear. Therefore, the fre-
by the anisotropic hyperfine coupling due to the dipole inter-qyency parts of Eq:3) cancel each other and the dynamical
action between the electron spin and nuclear spittofof g sceptibilityy” is tumed into a static one. We then obtain
BO. These facts clearly indicate that the observed echo coRne following expression for the outer-planar anisotropy of
sists mostly of the hyperfine field at the protons of BO.  {he relaxation rate:
Below, we will discuss the details of this anisotropic hy-
perfine structure and evaluate it quantitatively. ( 1 )LB
=TI
C. Hyperfine field tensor of protons 0

T,T
at the end ethylene groups of BO where# is the angle between the symmetric axjsais) and

The hyperfine field of protons at the end ethylene groupshe direction of the external fieldThe small termk?b? is
of BO consists mostly of the following two componen(s) neglected]’=4.4x 10 3.) We used the experimental value
the isotropic core term at the proton site in question @)d of spin susceptibility of the BO-GTCNQ LB film: X'S'g’m
the anisotropic dipole term from the electron spin at the ad=1.2x 10" *(emu/mol)
jacent carbon site. As shown in Fig(a we introduce the Figure 2 represents the outer-planar anisotropy of the re-
axes of the end ethylene group. We set upytlais normal laxation rate. At 43.2 MHz and 4.2 K, the rate varies accord-
to the plane of H-C-H union. Then the hyperfine field tensoring to
A of protons at the end ethylene group of BO is given by

3
——«kabcos®

K
2_
a ab 5

. . @

T, 1=0.0946-0.0164 cos @. (5
a 0 O -B. O 0
B 0 a«a O 0 -B. O Equation (5) includes the additional term due to
A=oy o ) localization® This term corresponds to the second term in
0 0 « 0 0 28

the right side of Eq(1). By subtracting the term, we obtain
the following result for the outer-planar anisotropy:

where a=(8m/3)ug|¢(0)|? is the core-polarization term.
Taking into consideration the core term at the proton site, the

wave function of 1s orbita, s can reasonably be taken &s =1.01x10 °~1.74x10" “cos .

(6)
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(a) (b) ¥y

z’l— x
Ho 0 s s 0 Hy
) 3
H- ’ ‘ H,
Hs 0 S S o H,

FIG. 3. (a) The definition of axes of the end ethylene gro(ip.
The definition of the molecular axes of BO.

If we put =0 in Eq. (6), we obtain T;T) 1=8.36
X 10" 4=C. This is consistent with the fitted result of the
temperature dependence . Comparing Eq.(6) with
Eq. (4), we obtaina=0.24 kOe, b=0.36 kOe. From the
above values, we can estimatg, and o, to be 0.001 and
0.02, respectively. The remarkably small spin densities at the
end ethylene group qualitatively correspond to their HOMO
calculated by the extended Ekel method®
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E. The nature of disorders in the LB film cates that the distribution wid¥ of each molecular level of
The localization time 7. of the LB film (=9.43 BO is narrower than that of the powder. Therefore, the ab-
X 10712 s) is more than 25 times shorter than that of thesolute value of the relaxation rate correlates with the concen-

BO-C,;TCNQ powder &2.10<10 % s). This indicates tration of the Curie-like component of BO spins. In addition,

that the BO-GgTCNQ LB film has a much larger concentra- the larger concentration of disorder of the LB film indicates
tion of disorders. that the nature of disorder is different between the powder

On the other hand, the absolute value of the relaxatiofd .the LB film. : .
rate of the LB film is much smaller than that of the rinally, the question remains as to what elements cause
BO-C,TCNQ powder. This is possibly due to the difference the nature of disorders to differ from those in the powder.

- : . One possible interpretation is as follows.
in the strength of the disorders. In the vicinity of the Ander- . .
son transition, the existential probability density at the disor- In the BO-GoTCNQ powder, the nature of the disorder is

dered lattice is enhanced due to localization. The degree (_Iﬁ)pological. The_ reason for this is that the countercomponent
the enhancement is determined by the strength of disord%: C1oTCNQ) directly influences the BO conductive layers.
8=W/D, whereW is the width of the distribution of each " the o_ther_ hand, we must note that the promoter
molecular level and the tight-binding bandwidtf (=|cosan0|c aciglof the separated Iaye_red structure exists in
First, we must note that a well-defined correlation be—the LB film. _Thus, the natgre of thg disorder |n.the LB film
tween the absolute value &f ! and the concentratioN, of can be ascribed to a continuum disorder that is weakly af-
Curie spins has been confirmed by &H NMR study in fected by the random distribution of the countercomponents

. 1. (=C41oTCNQ and icosanoic acidTo clarify this matter, a
heavily doped polyacetylerfé._The absplutg value df, S more detailed investigation of these films will be required.
almost proportional td\N.. This behavior is well explained

by the spin diffusion motion through the spatially fixed para-
magnetic impuritied® The small absolute value &f;* in
the BO-G,TCNQ LB film suggests that the concentration of ~ The author is particularly grateful to Professor T. Ishiguro
the Curie-like nature of BO spins in the LB film is much for allowing the use of a device for LB films and for his
smaller than that in the powder. constant encouragement. | also thank Dr. K. Ogasawara for
Secondly, taking into account that the origin of Curie experimental advice and assistance in the preparation of the
spins is ascribed to the localized electrons due to disordersB sample. | thank Professor T. Goto for offering a phase-
there is also a good correlation betwe2andN, in terms of  coherent NMR spectrometer, and Professor K. Mizoguchi for
the Anderson model. In the Anderson modelsascreases, his comments concerning the nuclear relaxation due to para-
the “tails” of localized states added to the original tight- magnetic impurities. Finally, | thank Professors G. Saito and
binding band become longer. Eventually, the mobility edgesH. Yamochi for their many stimulating discussions and help-
of the band move inward and decrease the width of the exful consultations and Dr. S. Horiuchi not only for providing
tended state¥ Therefore, as increases more electrons are the BO-G,TCNQ complex but also for his fruitful com-
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Based on the above discussion, we conclude that, despite
the larger concentration of disorders, the variance of the in- APPENDIX A: EVALUATION OF HYPERFEINE
dividual levels of BO in the LB film is smaller than that of STRUCTURE IN THE LB FILM

the levels of BO in the BO-GGTCNQ powder.
In contrast to powders, BO conductive layers are formed

with some “orientational” order in the LB film. The in-
V. CONCLUSIONS plane anisotropy of conductivity is not detected. It follows
. . . . that the layers are uniformly distributed in the film plane. But
In this study, the nuclear spin lattice relaxation rate of a,ing account of thickness of the LB film, the layers are
conductive LB film was measured for the first time. The yigyihted almost parallel to the film plane. This fact is con-

measurement of the spin lattice relaxation rate for the}irmed b i
! y the previous measurement of IR Spedia
BO-C;oTCNQ LB film has demonstrated that both the sys-,46 of BO in the LB film 1! For this reason, we expect the

tem and the BO-GTCNQ powder are closely related 10 4nigotropy of the relaxation rate according to the outer-
Anderson localization. _ _ planar direction of the external field.

The hopping transition temperaiufg is estimated to be In order to analyze this anisotropy, we must evaluate the
25.9 K. This weak activation by phonons indicates that the“hyperfine field tensor from the macroscopic viewpoint.

is another mechanism of phonon scatterings. , A detailed discussion of the hyperfine structure is given in
The clear observation of anisotropy of the relaxation ratg,q following appendices.

indicates that the resultaiiy, originates from the hyperfine
field due to conduction electrons of BO. The dependence of
outer-planar anisotropy is well fitted by the cosine curve.
This indicates that the origin of anisotropy is the hyperfine As shown in Fig. 8), we determine the molecular axes
dipole interaction between the electron spin dfitinuclear of BO, where thez’ axis is normal to the molecular plane
spin of BO. Moreover, the obtained spin density is qualita-and thex’ axis is in the direction of the center double bond
tively consistent with the calculated HOMO by the extendedof the donor.
Huckel method. Suppose the Eulerian rotatory transform
The smaller absolute value c'ﬁ]l in the LB film indi- R(ai,Bi,yi)r(xy,2)=r(x",y",z"), where a;,8;, and v;

1. One-molecular hyperfine field tensor of the donor
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TABLE Il. The Eulerian angles at each proton site. (a) (b)
¢
No. (i) sir? 3,cogy; cogB; sin 28;cosy; n
1 0.601 312 0.162 936 —0.626 021 32
2 0.005 096 0.972 189 0.140772 BO betrat substrate ¢
3 0.448 798 0.128199 0.479 731 rsubstate
4 0.041 364 0.869 092 0.379203 FIG. 4. (3) Schematic relation of the BO molecular plane and
5 0.058 383 0.973887 0.105822 substrate(b) The definition of the outer-planar axes of the sub-
6 0.481 137 0.143 205 —0.524 98 strate.
7 0.004 529 0.990 669 0.133965 .
8 0.598 459 0.084 773 0.450 480 We replace the angle<(32 °) with (#/2)— ' and deter-
mine the outer-planar axes of the substrate as shown in Fig.
4(b).
are the Eulerian angles which connect the atomic axes in- Then, the hyperfine field tens@°"" based on the outer-
volving theith proton with the molecular axes of BO. planar axes is given by
Then the averaged one-molecular hyperfine field tensor _
g yp Asub: R(O,B’,‘y’)AmOIR 1(0,B/’,yr), (AS)

A™! with the contribution of eight protons is given by

where B',y’' are the Eulerian angles which connect the

mol_ P outer-planar axes with the molecular axes. The molecular

AT=3 21 Rai Bi ) AR (e Binv). (AL gy ofx’,y’ are randomly distributed on the substrate.
Therefore, we averag®' over y'. Then Eq.(A5) yields

8

: mol mol mol
The primary value\7;", Ay, , andAg;" are AP ASD
11
8

1 - b sub. sub sub
ATY'= §Z E R{)2A=a— = 2 (1—3 coy;sirtB)), AM=| —Ap" Ap 0|, (A6)
T (A2) 0 0 AW
1 8 3 - b 8 Asub sub (Amol mol) [szﬂ (Amol mol)
A= S, 21 (RE)?Aj=a—g 3, (1-3sifysir), ~sin2g' AT, A7)
A
A9 ASP=sir? B AT+ cog B/ AT+ sin 28’ ATY',  (A8)
8 3 8
AGs = 32 S (RY1A =a- 0 S (1-3codh). ASP—1cosB (AT — AT9) + Lsin g’ (ARS— AT).
s 8= (A9)
(A4)

Taking into account the fact that the Eulerian rotatory
nsform matrixR is unitary, the off-diagonal elements of
A™' are symmetric. Thus the off-diagonal elementsAS®
2. Macroscopic hyperfine field tensor in the LB film vanish. ConsequentI)A,S“b is reduced to the uniaxial sym-
The 2D conduction originates from the overlap of themetric tensor as
m-electron orbital, which projects perpendicularly out of the

The Eulerian angles at each proton site are listed in Table ”rra

molecular plane. Therefore, in pristine solid BO complexes a—«b 0 0
in general, the symmetric axis of the BO conductive layer is ASUb= 0 a—«b 0 , (A10)
about normal to the’ axis. S _ _ 0 0 a+2xb

On the other hand, the situation is different in LB films.
As a result of the competition in length between the molecu- 8
lar plane and the alkyl chain of fatty acids, the plane has an K= %2 [cogB’ cos B;+ sir B’ sirPB;cosy,
inclination to the symmetric axis of substrate. In the -
BO—ClpTCNQ LB fiIm,. ESR .and IR measurements _havg +1sin 28'sin 28,cosy,]— 1. (A11)
made it clear that the inclination between the symmetric axis
of the substrate and th€ axis is 32°, and that thg’ axis From the values listed in Table I, we estimate=7.2
lies in the substraté [Fig. 4(a)]. X 1072,
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