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(7',) ' —(T,") '= f(t) is shown in Fig. 2. The
curves for different fields have the same shape
and can be fitted to the curve at zero field by
multiplying the time scale by a factor A . Vfe

define A(P) = v, (H)/v, (0) as the relative conver-
sion rate. The results are shown in Fig. 3.
There is a sharp peak at 12.5 koe, which cor-
responds to an electronic Zeeman splitting of
1.7'K. The error flags indicate the maximum
deviation consistent with the data of Fig. 2.
There seems to be a second peak at 15.2 koe
(2.05'K). It is tempting to speculate that the first
peak corresponds to the sixfold level at e, and
the second to the triplet at ~,. If such an assign-
ment were true, the observed intensity ratio of
2 would indicate that the matrix element for
transitions T-A is independent of the sublevel in
the T manifold. In this case, the intensity ratio
is expected to increase at lower temperatures
because of depopulation of the higher level of the
T manifold. Measurements down to 0.3 K are in
preparation in this laboratory.
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Enhanced Nuclear Relaxation in a One-Dimensional Metal near the Mott Transition*
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We present an experimental study of the nuclear spin-lattice relaxation in a one-di-
mensional metal near the metal-insulator transition. The data obtained from the charge
transfer salt +-methyl-phenazinium-tetracyanoquinodimethan directly confirm the en-
hanced susceptibility predicted for a one-dimensional metal at q ~ 2kF and provide in-
sight into the nature of the metal-insulator transition.

It is a well-known theoretical result that one-
dimensional (1D) metals show, at T =O'K, a sin-
gularity in the magnetic susceptibility )((q, cv = 0)
at q = 2k F ~

' At finite temperature, as the Fermi
surface is smeared, the singularity is removed
leaving a peak in the response function (near q
= 2k „), the magnitude of which varies logarith-
mically with E~/k, T. The effect of the electron-
electron (e-e) interaction in a 1D system is thus
expected to be more important in the enhance-
ment of )((q= 2k„) than that of the uniform sus-
ceptibility X(q =0). In the random-phase approxi-
mation (RPA) the enhancement factor is given by
[1 —Uc (q)X,(q, ~)] ', where Uc (q) is the Fourier

transform of the Coulomb interaction (reduced
by Coulomb-hole correlations), and )(,(q, ~) is
the independent-particle susceptibility. ' As the
temperature is lowered and Uc(2k„))(,(2kF, &u) ap-
pr oache s unity, an instability should occur and a
transition (e.g., to a magnetic Mott insulator)
may take place. Measurable quantities (such as
NMR relaxation) which depend upon X(q, u&) will
be strongly enhanced near such a transition.

N- methyl- phenazinium- tetracyanoquinodime-
than (NMP)(TCNQ) was recently shown' to pos-
sess a one- dimensional electronic structure, to
be metallic above 200'K, and to exhibit a contin-
uous transition from metal to small-band-gap



VOLUME 28, NUMBER 14 PHYSICAL REVIEW LETTERS g APRIL 1972

I20

80
I O

tD
th

60—
I-

40—

0 ~il
50

I I I I I

IOO I50 200 250 300
T(K)

—I6 E
—l2

E—8C
0

-0 -,

350 400 x

FIG. l. Temperature dependence of && for protons
in (NMP)(TCNQ). The inverse static susceptibility is
shown for comparison {Ref. J).

Mott insulator as the temperature is lowered be-
low 200'K. Based on low-temperature specific-
heat and susceptibility data, it was shown' that
the ground state and low-lying excitations could
be described by the 1D Hubbard model. Above
200'K, the conductivity, thermoelectric power,
and temperature-independent spin susceptibility
indicate a correlated metallic Fermi liquid.

%e present here measurements of the nuclear
spin-lattice relaxation time T, of (NMP)(TCNQ)
and analyze the data in terms of the electronic
correlation time T,. In the limit of very short 7.„
the relaxation can be written as T, '=(ff')T„
where (H') represents the "strength" of the inter-
action between the nuclear spins and the fluctuat-
ing magnetic moments in the electronic system.
In the paramagnetic insulating state, the experi-
mental rate is accounted for by 7,= ~,„', where

is the exchange frequency for the fluctuating
localized moments. In the metallic state, the ef-
fect of e-e correlations in lengthening T, relative
to that expected in simple metals is considered
to account for the rapid and only slightly temper-
ature-dependent relaxation found experimenta. lly.

Proton spin-lattice relaxation times of poly-
crystalline (NMP)(TCNQ) were measured by ob-
serving the recovery of the free induction mag-
netization after saturating the system with one or
more 9D' rf pulses. The temperature dependence
of the rate T, is given in Fig. 1. The principal
features are the magnitude of the relaxation rate
(-100 sec ') and that the rates in metallic and in-
sulating regimes are comparable, with no discon-
tinuity. The observed relaxation times are much
shorter than those found in related molecular sol-
ids without charge transfer, such as neutral

TCNQ (T, & 5 min at 300'K). This, together with
all the other solid-state properties of (NMP)-
(TCNQ), indicates that the protons are strongly
coupled to the electronic spin density (via the hy-
perfine interaction) and the measured relaxation
times reflect the electronic state of the solid. '

In the paramagnetic insulating state (30 ~ T
& 200'K), where susceptibility results' imply
weakly coupled localized moments, the fluctua-
tions in local field due to exchange give"

T, '=,'~2~(A/@ps(s +1)(u,„',
where A is the electron-nucleus interaction be-
tween spins s and I, respectively, and ~ '=(J/
k)'zs(s+1); 2 is the exchange coupling and z the
number of nearest neighbors. There is no direct
measurement of A in solid (NMP)(TCNQ); howev-
er, ESR hyperfine splittings for TCNQ in solu-
tion give A/gp, , =1.57 G.' It is reasonable to use
this value for (NMP)(TCNQ) since the molecular
wave function, and hence the spin density in the
TCNQ ion, is expected to be uncha. nged in the
solid as compared with the ion in solution. This
is equivalent to a tight-binding approximation
which is valid for this system because the band-
width (0.1 eV) is much less than the intramolecu-
lar level splittings (-2 eV) of TCNQ . An esti-
mate of the dipolar field leads to a contribution to
T, ' less than 10/o of that from the hyperfine in-
teractions. The exchange coupling Ibased on H
=2Z+s; s, s,s used in obtaining Eq. (I)]' is J
=2.6~10 ' eV.' Using these values with z =2 and
s=-„Eq. (1) predicts T, '=90 sec '. Thus, the
predicted rate fully accounts for the experimen-
tally measured T, . In the intermediate coupling
regime appropriate to (NMP)(TCNQ) the concept
of well-formed localized moments in the insulat-
ing phase is itself only approximately valid as
discussed in Ref. 3. Nevertheless, the agree-
ment must be considered satisfactory.

The role of the e-e interaction in the enhance-
ment of the nuclear spin-lattice relaxation in
metals was first treated quantitatively by Moriya. '
He demonstrated that for a conduction-electron-
nucleus interaction of the form A(r)s. I, the re-
laxation rate can be written as

' = (kBI'/2mB @')5,I A, I'x "(e, ~.)/~„(2)
where A, =(k+qlA(~) Ik) is the matrix element be-
tween two Bloch states (assumed to be k indepen-
dent), ' and y "(q, &u, ) is the imaginary part of the
electronic susceptibility with wave vector q at
the NMR frequency ~,. Thus the e-e interaction
effect on T, ' is the same as that for X". In the
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independent particle approximation,

X"(q, ~) = a g'I s'~~a(~&, )„—, (4)
6=6y

0

where k, is the solution of the equation I e„0—e„...l=k~, which in one dimension is a func-
tion of [ql only; II(e) is the density of states; and

f(e) is the Fermi function. At low temperatures
(ksT «EF), Bf/&& -6(& -EF), and since the only
finite wave vector connecting two points on the
Fermi surface (in the relevant direction) is q
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FIG. 2. The Lindhard function for a half-filled 1D
tight-binding band for various ratios of P =EF/kP'.
The peak value is shown in the upper left corner as a
function of P.

where n, and c„are the respective number opera-
tors and energies for momentum 0 and g =+0. In
one dimension at T =O'K, 'the real part diverges
at q = 2k F. At finite temperatures, y, '(q, v) must
be evaluated numerically. Examples of l|,'(q, (u)

for several temperatures are given in Fig. 2 for
a tight-binding band structure e, = 2t(1 —coska)
(EF =2t; kF =m/2a, where a is the lattice con-
stant). The imagina, ry part X,

" can be written,
for h~ «EF, as

=2kF, y "(q, u&) has appreciable values only for q
= 2kF. Thus by measuring the nuclear relaxation
in a 1D metal at temperatures less than the Fer-
mi temperature, one measures directly y "(q
= 2kF, &u,). Within the RPA and in the limit k~

x"(q, &) =x."(q, ~)l.l —L'c(q)x, '(q, ~)] '. (5)

Hence, T, ' = (T, ,) 'K, where (T, ,)
' is the re-

laxation rate in the absence of the e-e interac-
tion and K is defined by

g ~B. z.l+ I xo"(q,a .) dql1 —&c(q)x.'(q))
6

Js.z. l&,l'x."(q,~.) dq

which for T «T F =EF/ks has the value E = [1
—Uc(2kF)y, '(2k F)] '. Neglecting initially the en-
hancement effects, well above the metal-insula-
tor (M-I) transition, one might expect the relaxa-
tion rate to be given by T, , ', the Korringa rate
for a noninteracting metal, '

Tl, o (s/@I"B )(+/ki s) XP kBT|

where y, = p, ,'/zt is the Pauli susceptibility for
the 1D half-filled band. The measured spin sus-
ceptibility for (NMP)(TCNQ is indeed temperature
independent in the metallic regime and has the
value y „,=6.2x10 "emu/molecule (3.7x10 '
emu/mole). ' Assuming that the exchange enhance-
ment is of order 1, one would estimate for the
Korringa rate (T, ,T) ' = 4x10 ' (sec 'K) ', which
is about 2 orders of magnitude smaller than the
rate found experimentally. Thus, the unenhanced
Korringa relaxation cannot account for the order
of magnitude of the relaxation in the metallic
state; the e-e interaction enhancement effect dis-
cussed above is extremely important. We em-
phasize again that both susceptibility data and
transport properties indicate a metallic state
above 200 K. The analysis of the Ty data on the
basis of a, (possibly enhanced) Korringa mecha. —

nism is thus implied. Moreover, proton relaxa-
tion measurements in another compound of this
family, (quinolinium) (TCNQ) „where correlation
effects are less severe, show that in the metallic
state T, ' is proportional to the temperature over
a wide range (100—300'K),"as would be predicted
by the Korringa mechanism.

The problem is equivalent to the calculation of
the electronic susceptibility in the metallic state
near the M-I transition, taking into account both
the e-e interaction and the band structure. As a
first approximation we use the RPA result given
in Eq. (5). This approxima. tion for calculating T,

875
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Uc = U[l +U/4mt] '. (10)

Although strictly valid on1y in the low-density

has been used successfully in the 3D cases of al-
kali and noble metals (where, however, the ef-
fects are small). " In our 1D case near the M-I
transition, the validity of the RPA is question-
able. However, it should provide insight into
what happens near the M-I transition and should
give reasonable quantitative results at tempera-
tures well into the metallic regime. To evaluate
the enhancement we assume a tight-binding con-
duction band and complete screening of the e-e
interaction, Uc(q) =Uc, i.e., the 1D Hubbard
model. With these assumptions, K, the enhance-
ment factor, depends only on n = Ucq(E„) and on
the transfer integral t. The resulting equations
are

X(o., P) =k(1- ~}', (8)

Xmeas =Xp(1 +)

where E7 is given in Eq. (6), and n=Ucg(EF).
K(a, P) is the "Korringa enhancement factor" de-
fined by

T, '=(&/kPB )(A/g PB) g~'„gkBTE(n, p).
The set of Eqs. (8) and (9) can be solved numeri-
cally. Using the highest temperature in defer-
ence to RPA (T, ' = 75 sec ' at 300'K), one finds
K(o., EF, 300'K) = 60. This result, together with

„,= 6.2x10 "emu/molecule, ' gives t = 5x10 '
eV and n =0.45. This value for t is of the same
magnitude but approximately twice that found

from analysis of the low-temperature data (t = 2

x10 ' eV).' The apparent change in t suggests
that the transition from insulator to metal is ac-
companied by a change in effective bandwidth as
a result of the change in the many-electron wave
function of the system. The larger value of t
=0.05 eV in the metallic state agrees with that
obtained from a simple analysis of the metallic
thermoelectric power. ' Moreover, since the
Fermi temperature, kBTF =2t, is about 1150'K,
a truly temperature-independent Pauli suscepti-
bility is to be expected in the metallic regime
(T/T F &0.25), in agreement with experiment. '

We note that in o. = Uc q(EF) which appears in
the generalized RPA, the effective interaction
Uc is not expected to be the bare interaction mea-
sured in the insulating state, but should be re-
duced due to the Fermi-liquid Coulomb-hole cor-
relation. ' Kanamori" derived an expression for
Uc which, for 1D tight-binding band structure,
can be written

limit, Eq. (10) can be expected to give a semi-
quantitative estimate. Using Eq. (10) and the val-
ue t =0.05 eV appropriate to the metallic state,
n = 2U/(U+4mt) =0.45 from which we obtain the
bare interaction, V=0.18 eV. The result is in
precise agreement with that obtained directly
from the low-temperature data, .

Measurements of the nuclear relaxation thus
provide information on the electronic correlation
time in the vicinity of the M-I transition. In the
paramagnetic state well below the transition, g,
is deduced from the theory of fluctuating magnet-
ic moments, whereas in the metallic state well
above the transition the correlation time is de-
duced using the theories of electron-electron ef-
fects in enhancing the susceptibility. Surely the
simple RPA result breaks down near the M-I
transition where there is as yet no available the-
ory for calculating 7,. We have shown, however,
that in the metal the generalized RPA yields rea-
sonable results for t and oj = Ucq(E„). Moreover,
extending the RPA to lower temperatures pre-
dicts the experimentally observed constant static
susceptibility, whereas g'(q = 2k F) is found to di-
verge at T = 200 K. Although this divergence will
undoubtedly be suppressed in a better theory, the
critical temperature is in good agreement with
the observed M-I boundary. We conclude that e-
e interaction effects play a dominant role in the
metallic state of this 10 metal.
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We have directly observed a time-dependent recoilless fraction. This effect is seen
using delayed-coincidence Mossbauer spectroscopy. The time-dependent recoilless
fraction is observed at the Fe + site and not at the Fe site in a CoSO4 7820 source.
The relaxation time of the recoilless fraction is estimated to be between 10 and 100
nsec. Delayed-coincidence Mossbauer spectroscopy measurements on sources of
CoC12. 6H~O and Co(NH4)~(SO4)2 6H~O did not show such an effect.

Several authors' ' have pointed out the possibil-
ity of observing an excited localized mode of
vibration using the Mossbauer effect. The gener-
al idea is that a relatively energetic nuclear
event preceding the Mossbauer transition sets
the nucleus vibrating with respect to its equilib-
rium position in the lattice. This vibrational
state will exhibit a mean square nuclear displace-
ment which is not, in general, equal to the therm-
al-equilibrium value. This "heated localized
mode" will eventually relax. The relaxation rate
will depend on the rate at which the localized-
mode's energy can be transferred into the normal
modes. The recoilless fraction depends on the
mean square displacement of the radiating nucle-
us. Therefore, if the lifetime of this vibrational
mode is of the same order as the lifetime of the
nuclear state, the resulting Mossbauer energy
spectrum will reflect the modulation of the expo-
nential decay by this recoilless-fraction relaxa-
tion. Thus the spectrum will differ from the one
obtained if the vibrational mode decayed very
quickly. In the simplest cases, the existence of
a time-dependent recoilless fraction would pro-
duce a reduction in the Mossbauer effect and in
particular a narrowing of the Mossbauer peaks.
These effects are not easy to see unambiguously
using the regular Mossbauer effect. Indeed, the
linewidth and intensity obtained in the absence of
a time-dependent recoi1less fraction depend on

sample thickness, collimation geometry, and
nuclear environmental inhomogeneities.

The technique of delayed-coincidence Mossbauer
spectroscopy (DCMS) permits the experimentalist
to look directly at time-dependent effects. For
the case of the Fe" nucleus, the method is as
follows. Cosv undergoes electron capture to form
the second excited state of the Fe57 nucleus which
decays by the emission of a 122-keV y ray to the
14.4-keV first excited state. The detection of the
122-keV y ray signals the formation of the 14.4-
keV Mossbauer level. By using this "signal" y
ray in delayed coincidence with the 14.4-keV y
ray, a transmission experiment can be performed
corresponding to a preset time interval with re-
spect to the "signal" y ray; i.e. , time t=0. (See
Hoy, Hamill, and Wintersteiner for a more com-
plete review of the technique. ) The modification
of the Mossbauer transmission line shape, due
to time selection only, has been calculated clas-
sically and quantum mechanically. ' The results
are called "time filtering" and have been experi-
mentally checked quantitatively.

'Figure 1 shows the calculated results for a
single-line Mossbauer spectrum according to
time filtering. The preset time intervals have
been chosen to agree with our experimental time
windows. In this time-filtering calculation there
is only one free parameter, which is the size of
the dip. Once this parameter is set for one time
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