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The temperature dependent '’C Knight shift and spin-lattice relaxation rate of tetrathiafulvalene-

tetracyanoquinodimethane (TTF-TCNQ) labeled at the CN group of TCNQ are presented. The Knight shift is

a direct measure of the time-averaged local susceptibility on the TCNQ chain. From these data, the local
susceptibilities on the TTF and TCNQ chains are obtained. The TCNQ chain susceptibility falls to zero below
54 K, indicating the onset of long-range order. The TTF susceptibility persists to lower temperature
decreasing below approximately 49 K. The temperature dependence of the TCNQ chain susceptibility is in
quantitative agreement with the calculated susceptibility based on the Peierls-Frohlich model with a complex
order parameter for T > 54 K which becomes pinned below 54 K. The susceptibility and thus the density of
states on the TTF chain is considerably larger (a factor of 2 at 300 K) than that of the TCNQ chain

suggesting a correspondingly narrower bandwidth.

I. INTRODUCTION

The organic charge-transfer salt tetrathiaful-
valence-tetracyanoquinodimethane (TTF-TCNQ)
is a one-dimensional (1D) metal' at high tempera-
tures. A series of dc electrical transport,*™
microwave,’>”” and optical studies®™** confirm the
1D properties and show TTF-TCNQ undergoing a
transition below 54 K to a high-dielectric-con-
stant®'® semiconductor state.

Earlier, it was suggested® ' that the behavior of
TTF-TCNQ is associated with the Peierls insta-
bility'®:!¢ of the 1D metallic system in which a
phonon mode is driven soft'” by the divergent re-
sponse of the electron gas at g=2k,. The sub-
sequent observation of an incommensurate super-
lattice at low temperatures using diffuse x-ray'®:*°
and elastic-neutron-scattering® techniques con-
firmed the existence of the Peierls instability and
the charge-density-wave (CDW) ground state in
TTF-TCNQ, with the magnitude of 2k, equal to
0.295b* and thus a partial charge transfer of 0.59
electrons per donor-acceptor pair. Evidence of
the giant Kohn anomaly associated with the dynam-
ic Peierls distortion above 54 K has been obtained
from x-ray'®-'° and inelastic-neutron-scattering® -2?
studies.

TTF-TCNQ crystallizes in regular segregated
stacks of TTF cations (holes) and TCNQ anions
(electrons).®® Experimentally, the partial charge
transfer, the localization on individual chains as
indicated by the diffuse perpendicular transport,’
the observation of multiple structural transi-
tions,'8720:24:25 and the results of alloy studies®®
suggest that different electronic properties might
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be expected for the TTF-hole and TCNQ-electron
chains. Moreover, the shear forces which elas-
tically couple the TTF and TCNQ chains have
been shown to be weak.?” Recently, Rice et al.?®
have presented theoretical arguments that the
coupling to the various intramolecular modes plays
a major role in stabilizing the Peierls state in
1D conductors. Thus, the different intramolecular
mode structure for the TTF and TCNQ molecules
will result in different effective electron-phonon
coupling constants for the two subsystems.
Earlier studies of the individual chain proper-
ties have revealed differences in the local chain
magnetic susceptibilities. Proton nuclear mag-
netic relaxation studies® on selectively deuterated
samples of TTF-TCNQ demonstrated different re-
laxation rates for the two chains. Studies of the
g value® and linewidth of the electron-spin res-
onance provided information on the temperature
dependence of the local susceptibilities, particu-
larly in the important transitional temperature
range between 54 and 38 K. In this range, both
the electron-spin-resonance and proton relaxa-
tion data show that the contribution to the total
susceptibility from the TCNQ chains falls more
rapidly than that from the TTF chains. However,
both techniques involve a weighted average of the
individual chain susceptibilities so that the de-
convolution requires specific assumptions. Earlier
studies of the spin susceptibility®' and the nuclear
relaxation rates® have indicated that the observed
electronic properties are not dominated by strong
Coulomb correlation effects and have provided
quantitative information on the energy bandwidth.
Theoretical studies®? have shown that the Peierls-
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Frohlich state in the 1D fluctuation regime below
the mean-field transition temperature T} is
characterized by a pseudogap in the electronic
density of states. In this regime (T <T}!") the
magnetic susceptibility is given by

X =2u3N(0). (1)
The density of states in the pseudogap is given by
N(0)=N kv £~ (T)/24a, (2)

where N, is the unperturbed band density of states,
vp is the Fermi velocity, £(T) is the longitudinal
coherence length, and 2a =2(A?)"2 is the energy
gap (24=38.5 kyTH"). Thus the temperature de-
pendence of the susceptibility can provide direct
information on the temperature dependence of the
coherence length.

In this paper we present a study of the Knight
shift and nuclear spin-lattice relaxation time (T,)
associated with the '3C labeled CN group located
on the TCNQ molecule in TTF-TCNQ. The Knight
shift in metals is given by

K=AH/Hy==pg" HysX; » (3)

where A H is the shift in resonance field (H,) due
to the conduction electrons, H,; is the average
hyperfine field per electron, and y; is the Pauli
(local) susceptibility per molecule. The Knight
shift thus provides a direct measure of the time-
averaged local magnetic field at the TCNQ mole-
cule and thereby determines the temperature de-
pendence of the TCNQ chain local magnetic sus-
ceptibility. When combined with the previously
published total susceptibility, x ., the data can be
analyzed to obtain the individual chain contributions
(xo for the TCNQ chains and x forthe TTF chains).
The experimental results are presented in Sec. II.
The data arediscussed in Sec. III and analyzed
together with the total spin susceptibility to obtain
the local contributions, xqo and xp. In Sec. IV,
the temperature-dependent coherence length is
calculated using the Ginzberg-Landau theory for
the case of a complex order parameter.®® The
implied susceptibility [Eqs. (1) and (2)] is in good
agreement with the experimentally determined
Xo(T). In addition, the pinning transition is dis-
cussed in the context of the temperature-depen-
dent coherence length. The '3C nuclear relaxation
data are discussed in Sec. V in a further attempt
to determine the relative strength of the effective
Coulomb interaction. Section VI presents a brief
summary and discussion of the local susceptibility
results in the context of recent theoretical ideas
concerning the phase transitions in TTF-TCNQ.
II. EXPERIMENTAL

The *C NMR observations were performed on a

sample of TTF-TCNQ in which the cyanide (CN)
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FIG. 1. (a) TTF and TCNQ molecules. !3C enriched
CN carbon positions on the TCNQ molecule are randomly
cis-trans. (b) Range of the 3C NMR shift 6 in TTF-TCNQ
(13C) is illustrated at 4.2 and 300 K relative to CS,.
Chemical shifts of other CN carbon compounds are
shown for comparison,

carbon atoms of the TCNQ molecule were selec-
tively enriched to a level of 50%; the natural
abundance of '3C is only 1%. Figure 1(a) shows

the molecular structures of TTF and TCNQ indi-
cating the '3C labeled CN groups. Wideline mea-
surements were made with a Varian WL-112 NMR
spectrometer operating at frequencies from 6 to

21 MHz. Temperatures from 4.2 to 300 K were
maintained by cold gas-flow systems and measured
with a calibrated Ge resistance thermometer.

The *C wideline NMR spectrum is nearly sym-
metric with a width (defined as the splitting
between derivative maxima) of 3.8-4.0 G. This
width is independent of applied magnetic field
strength and temperature. Room-temperature
second-moment measurements of the resonance
line at 10, 15, and 21 MHz yield a field-indepen-
dent value of 2.6 +0.3 G, consistent with known
dipolar coupling strengths in the system.

Shifts were measured with respect to natural
13C in methanol. The shift decreases monotonically
as the temperature is lowered from +340+10 ppm
at 298 K to —48 ppm at 4.2 K (the positive sign
here indicates an upfield shift). The errors in
these shift determinations are not uniform. For
T<45K and T>135 K, sensitivity problems limit
the accuracy of the shift determination from a
single measurement to £(20-30) ppm. For 45
<T<135 K, the relatively strong signal permits
shift determinations of +(5-10) ppm. In addition
to these relative uncertainties, an absolute error
estimated at +10 ppm is associated with second-
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ary effects such as diamagnetic polarization of
the standard. Below 45 K, the resonance line is
easily saturated, indicating a dramatic increase
in T, below the transition region.

The significance of these shift magnitudes is
shown in Fig. 1(b). Methanol has a shift of +145
ppm upfield from the CS, standard customarily
chosen as the zero of the *C chemical shift scale.*®
In terms of the CS, standard, the '3C shift in TTF-
TCNQ varies from +486 ppm at 298 K to 97 ppm
at 4.2 K. The observed shift at 298 K is far out-
side the range of normal chemical shifts and thus
is associated with an unpaired electron density on
the TCNQ molecule. By contrast, the 4.2 K value
is very similar to the '3C shifts observed for a
broad class of **CN configurations®® (73 ppm-

84 ppm) shown in Fig. 1(b). The close proximity
to the neutral molecular values at 4.2 K suggests
there is no unpaired electron density and hence no
magnetism on the TCNQ molecules at low tem-
peratures. The full temperature dependence of
the '3C shift measured at 15 MHz is shown in Fig.
2.

The 3C relaxation time, T,, was measured
directly at 10 MHz with a pulse spectrometer
using the 90° saturating comb-7-90° pulse tech-
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FIG. 2. '3C Knight shift (in ppm) as a function of tem-
perature. Representative error bars in the various
temperature ranges are shown.
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FIG. 3. !3C spin-lattice relaxation rate 7;"! vs temper-
ature.

nique. A boxcar signal averager was used to mon-
itor the magnetization after the final (signal) pulse.
A semilog plot of magnetization versus time de-
lay (7) was consistent with the assumption of a
single relaxation time. Temperatures from 4.2

to 300 K were obtained by a cold gas flow balanced
by a feedback controlled heater. A temperature
stability of +0.1 K was maintained over the period
of the measurement. All temperature measure-
ments were made with a calibrated copper resis-
tance thermometer. The T, data are shown in

Fig. 3. The rate decreases in a fashion similar to
that found for protons. At low temperatures (be-
low 50 K) the relaxation time could not be accu-
rately measured because the hold time of the box-
car signal averager was exceeded. The long
relaxation time at low temperatures is in agree-
ment with the qualitative observation of easy satu-
ration of the line in the continuous-wave NMR
studies.

III. DISCUSSION AND ANALYSIS
OF EXPERIMENTAL RESULTS

A plot of the Knight shift versus the total static
susceptibility x ,=xq + Xy (the sum of the individual
chain susceptibilities) is shown in Fig. 4. If the
local susceptibility on the TCNQ molecule yo(T)
had the same temperature dependence as the total
susceptibility x,, then the K(T) vs x (T') plot should
be linear for the case of a constant hyperfine field.
The fact that K(T') (and hence xgq) is not linearly
related to x, implies that the TCNQ susceptibility



14 135C KNIGHT SHIFT IN TTF-TCNQ ('*C): DETERMINATION... 2749

500 T T T T T T T
-6
x10 TTF-TCNQ (3¢)
400 — ‘ -
< * S
19
&< 3001 : -
©
] )
— [ ]
= 200 —
(/0]
=
x
100 — —
0 N | | | | I
o°® | 2 3 4 5 6 7
_ -4 emu
Xy= XF+XQ (IO mole)

FIG. 4. 13C Knight shift, K(T), vs total static suscepti-
bility X 7(7). Temperature is an implicit parameter.

has a temperature dependence which is different
from the total susceptibility. Hence Fig. 4 is a
direct indication that the two chains have a differ-
ent character and gives support for an independent
two-chain model description of TTF-TCNQ.

Above 80 K, the Knight shift varies approximate-
ly linearly with the susceptibility on the TCNQ
chain;

Xr=AXe+B, (4)

where A and B are constants (B=~0.9x10"% emu/
mole). Since x,;=Xp+Xo, Eq. (4) implies that in
this high-temperature regime

xp=@ -1)xq+B. (5)

A change of slope occurs near 54 K as a result of
the onset of order on the TCNQ chain. Below 54 K,
the Knight shift (or susceptibility) on the TCNQ
chain is essentially zero [<8% of K (300 K)},
whereas the total static susceptibility has de-
creased only to 3 of its room-temperature value

x (300 K). We conclude that the TCNQ chain sus-
ceptibility is almost zero below 54 K, and the re-
maining susceptibility is due to the TTF chain.
The residual susceptibility on the TCNQ chain
below 54 K is apparently due to single-particle
excitations across the energy gap. The sensitivity
of the Knight-shift measurement is insufficient to
determine the detailed temperature dependence in
the low-temperature regime below 54 K. However,

Tomkiewicz, Taranko, and Torrance®® have used
the g-value analysis in this region of temperature
to infer 2A ~880 K in relatively good agreement
with the earlier results obtained directly from
infrared studies.

Using the Knight-shift data, we will decompose
the total susceptibility into the individual TTF and
TCNQ chain susceptibilities. The TTF suscepti-
bility is simply

X =Xr—X@ OF Xp(T)=xo(T) - aK(T),

where K(T') is the '*C Knight shift on the TCNQ
chain and « is the normalization constant defined
by Eq. (3) (a=pyHy). The absolute values of
Xe(T) and x(T') can be determined from the Knight
shift together with the total susceptibility by de-
termining the ratio y o/x; at any fixed temperature.
This ratio can be estimated from the proton spin-
lattice relaxation rates T;'. In metals, the re-
laxation rate is given by the Korringa relation,33:3

X°T\T=kps/mkga® x(n,T). (6)

This relation has been shown to describe the ob-
served behavior of TTF-TCNQ above 54 K. The
proton hyperfine constant a,, can be estimated
from solution studies [ay(TCNQ)= 1.57 G; au(TTF)
=1.26 G)." K the Coulomb enhancement fac-

tors X(u, T) are assumed to be of order unity and
equal on both chains, then the ratio of the individ-
ual chain susceptibilities is proportional to the
ratio of the square root of the corresponding re-
laxation rates.

Xg (300 K) _ af, (TF\'2
Xs (300K) " aS, <5~‘?>

Using xp+Xq=Xp,» We find

XL: aF (TF)UZ]-].

o[ ()T
Hence at 300 K; xp/xr=>0.66; xo/xr=~0.34. The
decomposed individual chain susceptibilities are
shown in Figs. 5(a)-5(c) for assumed values of
Xo/X7=0.3, 0.34, and 0.4 at room temperature,
respectively. Figure 5(a) represents our best
estimate of the individual chain susceptibilities.
Values for y (300 K)/x (300 K) greater than 0.3
lead to nonmonotone behavior for x; in the vicinity
of 50 K; a result which we find unacceptable in
view of the earlier T, data® which show (T,T)™"/?
for the TTF chain to be monotonic with a flat
plateau near 50 K in agreement with Fig. 5(a).

The temperature-dependent local susceptibilities
as obtained directly from analysis of the *C
Knight shift data are quite different from the de-
composition of x , assumed by Scott, Garito, and
Heeger®! in their earlier analysis of the bulk sus-
ceptibility. Both x, and x are temperature de-

(7
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FIG. 5. Normalized local susceptibilities on the TTF (xz) and TCNQ (xq) chains with different normalizations of xq
at 300 K (see text). (a) Xgq (300 K)=0.30 x 5 (300 K). () xq (300 K)=0.34x, (300 K). (c) xq (300 K)=10.40 X1 (300 K).

pendent, and xp(T)> xq(7T) at all temperatures as
indicated in Eq. (5) and Fig. 5(a).

An estimate of the electron spin density on the
CN site in TCNQ can be obtained from the 3C
Knight shift. In Fig. 4, the constant slope of K
vs xr above 80 K indicates that the hyperfine field
is temperature independent. Assuming the TCNQ
susceptibility at 300 K is approximately xo =0.30
X7, then the value of the hyperfine field Hy [from
Eq. (3)] is 12kG [A/gpz=9 G; A/guy=2Hu(vy/7.))-
The result compares favorably with the hyperfine
coupling constant found for the closely related 7
acceptor, tetracyanoethylene (TCNE), H,;=12.4
kG, A/guy=9.47 G.*® The smaller hyperfine field
for TCNQ is reasonable since the unpaired electron
can delocalize over the larger TCNQ molecule.
Assuming 25% of the transferred electron is on
each CN group in (TCNE)~, the ratio of the hyper-
fine fields indicates that 23% of the electrons are
on each CN group of the (TCNQ)~ ion.

At room temperature, the *C resonance is
shifted far upfield [5(300) — 5(4.2) = 389 ppm] rela-
tive to diamagnetic molecules containing CN
groups, indicating that the local magnetic field is
opposite to the applied external magnetic field.

In the alkali metals, the electron-nuclear coupling
occurs directly via the Fermi contact interaction
(AT - 8) resulting in a downfield shift of the nuclear

resonance. Upfield shifts are generally due to
core polarization of the inner s electrons by the
outer p or d electrons. The unpaired electron on
the TCNQ molecule is in a 7* state with a wave
function predominantly made up of a linear com-
bination of 2p atomic orbitals. Since the unpaired
m* electron has no spin density at the '*C nucleus,
the contribution to the total Knight shift from the
contact interaction is zero; the Knight shift results
from core polarization. Hence the fact that the
13C resonance is upfield simply reflects the p
character of the unpaired electron on the TCNQ
molecule.

The individual chain susceptibilities can be
used to predict the isotropic average of the ESR
g -shift tensor. Tomkiewicz et al.*® presented the
temperature dependence of the ESR g shifts and
analyzed their results in terms of the average of
the individual molecular g shifts, weighted by the
local molecular susceptibilities

£=8aXa/Xr+&rX¢/X1 > (9)

where gq  are the solution g shifts found for
TCNQ (2.0025) and TTF (2.00 838) molecules,

and xq  are the local susceptibilities. Substituting
the local susceptibility as obtained from Fig. 5(a),
the calculated temperature-dependent g shift using
Eq. (9) is shown in Fig. 6. The experimental g-
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FIG. 6. Comparison of the experimental electron spin
resonance g value (OOO and xxx from Ref. 30) with the
isotropic average @@®®) inferred from the local
susceptibilities through Eq. (9).

tensor data of Tomkiewicz et al.®® are also plotted.
The temperature dependence of g, was not re-
ported. The NMR result is a measure of the iso-
tropic average of the g tensor, 3[g,,(T)+g,,(T)
+g2.(T)]. The overall agreement shown in Fig. 6
is relatively good; the coarse features of the
temperature dependence of the g shift are repro-

duced by the NMR-determined local susceptibilities.

Since the electron interchain hopping time is much
shorter than either the NMR or ESR precession
periods, the small deviations in absolute magni-
tude possibly result from the oversimplified analy-
sis based on Eq. (9). A more realistic approach
would take into account a Fermi-surface average
of the k-dependent metallic g tensor. The increase
in g at low temperatures occurs because the TCNQ
susceptibility goes to zero, and hence the g-value
shifts from an average value to a higher value are
characteristic of the TTF monoradical cation.

IV. TEMPERATURE-DEPENDENT COHERENCE LENGTH

The '*C Knight-shift results indicate that at
approximately 54 K a real energy gap opens in the
electronic excitation spectrum of the TCNQ chains,
and the susceptibility drops rapidly to zero. At
higher temperatures in the 1D fluctuation regime,
theoretical studies®® have proposed that the density
of states and the corresponding susceptibility are
determined by the coherence length for the fluctua-
ting charge-density wave as described by Egs. (1)
and (2). Within the model the gap is relatively
well formed with £(T)>b so that the density of
states is smaller than the simple band-structure
value and the fluctuating charge-density wave
slides via time-dependent phases to contribute to
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the dc conductivity. Infrared experiments on
polycrystalline'® and single-crystal'*™** samples
have confirmed the existence of the pseudogap at
temperatures above 54 K. However, the infrared
conductivity studies do not yield direct information
on the density of states for 7 w<2A since the mo-
bility may be limited by strong scattering of the
electrons by fluctuations associated with the dy-
namic Peierls distortion.

The interpretation of the dc conductivity as re-
sulting from collective-mode motion implies that
the order parameter should be complex with am-
plitude and phase as independent parameters.

The coherence length for the complex order-
parameter case can be calculated using the theory
of Scalapino, Sears, and Ferrell.** These authors
treat the complex Ginzburg-Landau field starting
with the free-energy functional

F=fdx(al\Il|2+bl\1/]‘*+c|d\ll/dx|2).

where ¥ =\Itoe'¢ is the complex order parameter,
and a, b, and c are phenomenological constants to
be obtained from microscopic theory for applica-
tion to a particular problem. The statistical
mechanics is solved by transformation to an equi-
valent one-particle (anharmonic oscillator) quan-
tum-mechanics problem with Hamiltonian®* H

= —(4B%)7'd?/d¥* + a|¥|*+ b|¥|*, where B=(kyT)™".
With this transformation,3*

§(T)™'=B(E, - E,), (10)

where E, and E, are the ground-state and first-
excited -state energies of the Hamiltonian.

We consider the case T < TMF, where T)F is the
mean-field Peierls temperature defined by

3.5k, THF =24 =2|¥,(0)], (11)

where ¥,(0) = (¥,(T =0)) and 2A=E, is the energy
gap. For this temperature regime, the free energy
has formed a distinct minimum for |¥|#0 but

with arbitrary phase; the Frohlich state.'® Since
amplitude fluctuations are more energetically
costly, the continuous phase-only case will be
considered for ¥ complex, ¥ =|¥,(0)|e!?, and only
phase fluctuations are included. The Hamiltonian
then takes the particularly simple form of a rigid
rotor,

H=-[45%c|¥,(0)|?]"'d*/dp?
and
E,=(4p%)7 | ¥3(0)[]7'm?, (12)

where m=0,1,... . We have initially neglected
possible ¢ -dependent pinning potentials (e.g.,
impurities, commensurability, interchain Coulomb
coupling, etc.) which would tend to fix ¢.
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The coherence length is therefore given by [Eq.

(10)]:
E(T) ™ =kyT/4c|¥,(0)%] . (13)

The quantity ¢ |[¥2(0)| can be obtained from micro-
scopic theory. Rice ef al.® have shown that to
obtain the linear phase phonons®? the potential
energy for compression of the charge-density
wave should be of the form

o _MUEN (g )2 iser
ECompresslon 2 (ZkF ) dx .
Therefore,
av *_ ge dg |
| 2 =c|wZ(0)| T
22 2
-2t on 22 a9

N,=N,/L=f/b is the condensate density and f is
the fractional charge transfer.

4c|¥,(0) 2= (zmuvz)(f/b)ks* (15)
and
£y = (RT /5m % REb/S) . (16)
Finally, using Egs. (1) and (2):
kT T
X(r)=‘;‘XXpﬁXp}F' ) aam

where x,=2p2 N, is the bare Pauli susceptibility.

The TCNQ chain susceptibility, xo(7T), from Fig.

5(a) is replotted in Fig. 7 along with the theoreti-
cal curve from Eq. (17) assuming T)}' ~ 300 K

(3.5 kyTYF ~ 0.1 eV) (Refs. 10-13) and x, =~ 2u%/W
with a bandwidth W= 0.35 eV in agreement with
earlier experimental''®:'%:%° and calculated*! re-
sults. The measured susceptibility increases ap-
proximately linearly with increasing temperatures
with a magnitude in good agreement with theory.
As T - TMF, amplitude fluctuations are expected to
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FIG. 7. TCNQ chain susceptibility, xq , vs tempera-
ture. Data points were obtained directly from !3C
Knight-shift analysis; solid line is Eq. (17).

become important so that £(T') would decrease
more rapidly than T~'. The observed linearity of
x(T) all the way to room temperature may result
from a partial cancellation of the small increase
due to amplitude fluctuations balanced by the de-
crease arising from the temperature dependence
of the narrow-band Pauli susceptibility. We con-
clude that the density of states as measured by the
local susceptibility is consistent with the complex
order-parameter description in the 1D fluctuation
regime above 54 K. Below 54 K, the charge-density
wave (CDW) becomes pinned giving the large low-
frequency dielectric constant. The coherence
length grows rapidly in the pinned regime causing
the susceptibility to decrease dramatically, as
observed.

The discussion of the previous paragraphs
ignores the existence of a phase-dependent poten-
tial which at low enough temperatures will pin the
CDW. Although we will explicitly treat the case
where interchain Coulomb coupling is the dominant
phase-locking mechanism, the results discussed
below are at least qualitatively valid for high-
order commensurability pinning as well. The
simplest form for the phase-dependent potential
is given by

V(p)=V,(1 - cosg), (18)

where ¢ is the CDW phase relative to that of the
nearest-neighbor chains which are assumed to be
ordered (a mean-field theory). The phase is
pinned by the potential when the coherence length
is sufficiently long that the energy for a fluctuation
exceeds kpT. Thus***3

eVong(Tpin)'z kBTpin (19)

is the pinning condition. For T <T,,, the CDW is
fixed in space and restricted to small oscillations
at a frequency determined by

V(p)=3Vop?, (20)

V(x) = 3Vo(2kp)%x2. (21)
The CDW equation of motion is therefore

M*X +eVy(2ky)?x=0, (22)

where M* is the Frohlich effective mass. The ex-
perimentally determined pinning frequency, wg,
therefore can be used to obtain the magnitude of
Vip);

wi =(eVy/M*)(2k;)*. (23)

Combining Egs. (16), (19), and (23), we obtain
the pinning temperature

kg Tpin = (1/Tkg)(M*WiE )2 . (24)

Values for M* and w, have been obtained from
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far-infrared reflectance studies,'? M * ~ 1500 m
where m is the band mass and w,~2 em™; A f
=2b,'®'° and E,~0.1 eV as discussed above. Using
these values in Eq. (24) yields T, ~ 40 K in quite
reasonable agreement with the observed value.
Moreover, the magnitude of V, is consistent with
rough estimates based on Coulomb interchain
coupling.** At the pinning temperature, the longi-
tudinal coherence length as calculated from Eq.
(16) is approximately 60 lattice constants in agree-
ment with estimates obtained from the diffuse x-
ray'® and elastic neutron scattering® results.
Taking into account the expected temperature de-
pendence due to the combined phase [Eq. (16)] and
amplitude fluctuations, the coherence length at
room temperature should be only a few lattice
constants (approximately five).

V. I3C NUCLEAR RELAXATION STUDIES
AND ROLE OF THE COULOMB INTERACTION

The relative importance of the repulsive Cou-
lomb interaction in TTF-TCNQ has been the sub-
ject of considerable discussion. In general, one
expects that Coulomb correlations might play a
dominant role in such narrow-band systems.

This has been shown to be the case through experi-
mental studies of N-methylphenazinium-tetracy-
anoquinodimethane (NMP)(TCNQ),%¢+** and potas-
sium-tetracyanoquinodimethane K(TCNQ).** How-
ever, for TTF-TCNQ the available experimental
evidence®?! indicates that for frequencies well
below the plasma frequency,®® the Coulomb inter-
action is screened by the full dielectric response
of the medium?*’ and the effective interaction is
relatively weak, and possibly attractive. The ab-
sence of local moment formation, the nonmag-
netic ground state,®' and the simple Korringa re-
laxation for the protons® all indicate a weak re-
pulsive electron-electron interaction for TTF-
TCNQ. The '3C relaxation rates presented in this
paper provide additional support of this conclusion.

The '3C relaxation rate is shown as a function of
temperature in Fig. 3. The data are replotted in
Fig. 8 as (K*T,T) vs T where K is the Knight shift
obtained directly from experiment.

For an isotropic simple metal, where the Fermi
contact interaction is the sole electron-nuclear
coupling, the Korringa relation yields3?

K*T\T = (% /47kg)(v./vy)? . (25)

The effect of nonisotropic contributions*® (e.g.,
electron-nuclear dipolar) is to leave the tempera-
ture dependence unchanged but to decrease the
magnitude of (K*T,T) since the Knight shift results
from only the isotropic part of the interaction
whereas the full interaction contributes to T'7'.
An additional temperature-dependent enhancement
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calculated from Eq. (26) using p =UN;=0.15 (see text).
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factor is expected from the Coulomb interaction in
a quasi-one-dimensional metal.3® Treating the
Coulomb effects in the random-phase approxima-
tion, one obtains

K°T T =Dx(u, T)(K?*T,T), , (26)

where (K*T,T), is given by Eq. (25), D is the tem-
perature-independent anisotropy coefficient, and

®(w, T)= (1 - pF(2k.T) P 27

is the temperature-dependent enhancement factor
which is determined by the strength of the elec-
tron-electron Coulomb interaction U, p=UN,,
and N, is the density of states. In a one-dimen-
sional electronic system such as TTF-TCNQ, the
Lindhard response function F(q, T) peaks at g= 2k,
and is strongly temperature dependent. As a re-
sult T;' measurements are particularly sensitive
to Coulomb interactions.®® The inclusion of the
coupling of the electrons to acoustic phonons, in-
tramolecular phonons, and excitons leads to an
effective total interaction, p ., which can be
small, or even attractive (u.s <0). Although
the random-phase approximation treatment breaks
down in a 1D system because of the instability,
Eqs. (26) and (27) express at least qualitatively
the effect of interactions on the relaxation rate.
The data of Figs. 4 and 8 can be compared with
Egs. (26) and (27). Although T7' decreases by
more than an order of magnitude from 300 to 60
K, KT T is approximately constant decreasing
slowly with decreasing temperature. This result
is consistent with the earlier T, measurements on
protons® in TTF-TCNQ, which indicated a Cou-
lomb enhancement factor of order unity. The slow
decrease of K°T,T may be due to residual repul-
sive interactions. The dashed curve on Fig. 8 is
a plot of Eq. (26) using u =UN,=0.15and E.=0.1
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eV with F(2k,, T)~In(E,/kT). This may be con-
sidered an upper limit for y since larger values
would yield too strong a temperature dependence.
Using N,=(2V2/mM)W™'~ W™ as the density of
states for the approximately quarter-filled band
of width W ~0.3-0.4 eV, :#:13:404! the enhanced
Korringa analysis yields the magnitude of the on
site Coulomb interaction, U<0.1 eV. Additional
relaxation may be expected when the coherence
length grows long so that the associated fluctua-
tions in the density of states slow down to frequen-
cies comparable with the NMR frequency. Such
effects may play a role in the sharp decrease of
K°T,T observed below 60 K.

The asymptotic value of K®7T',T at high tempera-
tures is approximately a factor of 5 smaller than
that given by the isotropic Korringa relation [ Eq.
(25)]. As suggested above, this nearly tempera-
ture-independent factor arises at least in part
from the anisotropic hyperfine coupling expected
for the '*C nucleus in the CN group of TCNQ.

VI. DISCUSSION

Two transformations, at 54 and 38 K, in TTF-
TCNQ have been widely studied?® *-24726:49752 wjth
direct structural evidence coming from x-ray'®'°
and neutron studies.?® Principally by analyzing
transport measurements, Etemad® suggested that
the 54 K transformation results from ordering on
TCNQ chains and the 38 K transformation, on TTF
chains. From elastic neutron studies, Comés
et al.?® showed that the region 38<T<54 K is
characterized by an incommensurate superlattice
where the a-axis modulation changes continuously
from 2a near 54 K to 4a with a discontinuous step
at 38 K. On the basis of their Ginzburg-Landau
treatment of the two sets of coupled chains, Bak
and Emery? have shown the neutron results for
TTF-TCNQ are consistent with tk7ree transitions.
They suggested long-range order sets in on one of
the chains at 54 K and on the second chain near
49 K with the a-axis modulation remaining at 2a
between 54 and 47 K. From 49 to 38 K both chains
continuously order with respect to one another,
finally locking discontinuously to 4a at 38 K.
Recently further neutron measurements® have
provided direct confirmation of the Bak-Emery
proposal. The Knight-shift data given in Fig. 9
directly identify the transitions; the TCNQ chains
order at 54 K and the TTF chains near 49 K.

The value of the Peierls gap, 2A, obtained from
the '3C Knight-shift studies above 54 K (2A of
approximately 0.1 eV) is comparable to that in-
ferred from the temperature dependence of the
g value® (2A~ 0.08 eV) below 54 K. Moreover, the
infrared results from polycrystalline films'® and
single crystals''~*® both above and below 54 K
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FIG. 9. Temperature dependence of the TTF and TCNQ
chain local susceptibilities shown in detail in the transi-
tion region.

indicate a value for 2A of the same magnitude.

We therefore conclude that in agreement with
earlier analysis,'®”*®:3!32 the mean-field Peierls
temperature for the TCNQ chains is of order 400
K and that the entire temperature range from 300
to 54 K is in the 1D fluctuation regime where £(T)/
b>1,

The complete temperature dependence of xo(T)
may be represented quantitatively by the Peierls-
Frohlich model with a complex order parameter
describing the broken symmetry state for T >54
K [Eq. (17)] which becomes pinned when the phase
is essentially locked below 54 K. Systematic
studies of the thermoelectric power in TTF-
TCNQ,*® tetraselenafulvalene-tetracyanoquinodi-
methane (TSeF-TCNQ),* and dilute alloys (Ref.
54) (TTF),-,(TSeF), - TCNQ demonstrated that
the conductivity in the “metallic” regime is do-
minated by the TCNQ chain. Thus, the dc trans-
port occurs on the TCNQ chains in the tempera-
ture regime where the CDW fluctuations are build-
ing up with a relatively long coherence length which
in turn arises from the growth of the complex
order parameter. The CDW is therefore mobile
and contributes to the total conductivity. Given
that £(T)/b>1, the Peierls gap is well formed so
that the single-particle contribution to the conduc-
tivity should be small, in agreement with the con-
clusions drawn from the infrared studies.!®™'3
Thus the Frohlich CDW collective mode appears
to be the primary transport mechanism in TTF-
TCNQ above 54 K.
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