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An experimental study of nuclear relaxation in the low-temperature antiferromagnetic re-
gime of N-methyl phenazinium tetracyanoquinodimethan (NMP) (TCNQ) is presented. The
data are characterized by a relatively weak temperature dependence; the extrapolated zero-
temperature rate is finite and of the same magnitude as the rate at T 2 J/kg. These results
are in good agreement with predictions based on the fermion representation for the spin-3
antiferromagnet in one dimension. The conventional Boson assumption, on the other hand,
leads to a predicted rate off by four orders of magnitude in comparison with experiment. The
experimental measurements of T{i thus strongly suggest fermion-like excitations in the spin-}

one-dimensional antiferromagnet.

Since Bethe’s famous solution of the ground state
of the one-dimensional (1D) antiferromagnet in
1931, ! this problem has been of continued interest.
Although much progress has been made, ? especial-
ly on the experimental side, our understanding
of the spin-fluctuation dynamics in such systems
remains unsatisfactory. Antiferromagnetism in
1D is characterized by the absence of long-range
order and by large fluctuations in the short-range-
ordered state. This results in a smeared “transi-
tion” at temperatures of order J/kg (J is the ex-
change energy) and in a zero average moment on
each site. Spin- antiferromagnetic (AF) systems
are especially interesting since they represent the
opposite quantum limit to Fisher’s solut'ion3 of the
1D problem with classical spins. This is partic-
ularly relevant in light of Richard’s recent study*
of nuclear relaxation in the S=4$ 1D AF (CH,),
NMnCl;. In this large-spin system the low-tem-
perature relaxation was attributed to the 7! de-
pendence in the staggered susceptibility which
arises in the case of classical spins from the ap-
proach to a true phase transition at 0 °K. It is
the purpose of this paper to present a preliminary
account of the low-temperature nuclear-relaxation
data from the organic salt (NMP)(TCNQ).® The
results are qualitatively different from those pre-
dicted for the classical spin system and can be ac-
counted for by a simple theory which treats the
S =3 antiferromagnet in one dimension in the fer-
mion representation.

(NMP)(TCNQ) is an organic charge-transfer salt
which crystallizes with stacks of planar (TCNQ)~
anion radicals forming well-separated parallel
chains.® The 1D aspects of the structure are en-
hanced by the directionality of the m-electron wave
functions with the result that interchain coupling

1

is negligible. This electronically 1D system has
been thoroughly studied”® and found to undergo a
Mott transition from metal to insulator with de-"
creasing temperature. Although not fully in the
strong-coupling limit, (NMP)(TCNQ) may be
viewed as a spin-3 antiferromagnet at low tem-
peratures. The evidence for the AF ground state
is threefold.” First, the spin susceptibility fol-
lows the Curie-Weisslaw x=C/T+6, withe=60°K,
rounding off toward a constant value below 40 °K.
Second, the low-temperature specific heat shows
a term linear in T as expected from AF spin-wave
excitations in 1D. Third, the ESR linewidth shows
a broad maximum at 60 °K, indicating the onset of
the AF state. Evidence of rapid spin fluctuations
with correlation time ’rc~h'/J was inferred from
the narrow unshifted ESR line observed at low-
temperatures. "

The proton-spin-lattice relaxation times were
measured in polycrystalline samples by observa-
tion of the recovery of the free-induction magne-
tizationafter saturatingwith a comb of rf pulses.
At all temperatures the recovery was exponential
in time. The resulting relaxation rates are shown
in Fig. 1. The relaxation rate extrapolated to zero
temperature is, to within experimental accuracy,
frequency independent from 4 to 40 MHz, with a
value of T7'(0)=29+2 sec™ . The weak tempera-
ture dependence shown in Fig. 1 is also insensi-
tive to the measurement frequency in the range
above 20 MHz, whereas at low frequencies a some-
what stronger dependence on temperature is ob-
served. This additional low-field contribution
arises from the anisotropic (I*S,) dipolar terms
which couple the nuclei to the longitudinal fluctua-
tions of the uniform mode, and will be discussed
in detail elsewhere.® The impurity content in the
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FIG. 1. Proton-spin—lattice re-
laxation rate in (NMP)(TCNQ) as a
80— . . —*  function of temperature. The mea-
.lf“ . sured rates are frequency indepen-
§ . R dent in the range 20—40 MHz. The
~ 60— —  solid curve represents the weak
g LIPS temperature dependence predicted
by Hartree—Fock theory.
40 . //{
) i *
20— —
0 | | 1
(0] 10 20 30 40

TEMPERATURE (°K)

best samples is less than 0. 1% as determined
from the Curie-law contribution to the low-tem-
perature susceptibility. However, the measured
rates were insensitive to an order-of-magnitude
increase in impurity concentration, indicating that
the results are intrinsic to the system. The data
in Fig. 1 are characterized by a relatively weak
temperature dependence; the extrapolated zero-
temperature rate is finite and of the same magni-
tude as the rate at T >J/kg. Thus, qualitatively,
the spin-spin correlation time is of order %/J over
the entire temperature range.

In order to treat the problem in detail, we ap-
proximate the AF state of (NMP)(TCNQ) by a spin-
1 Heisenberg Hamiltonian H =J3S;§,,;. Using
the fermion representation!® for S=4%, this Hamil-

tonian can be written in the form

H=J2; (cosk - 1)ClC,
k
COSq Czl-mczz-qckackl ) (1)

where Cf and C, are the creation and annihilation
operators for spinless fermions. The total num-
ber of fermions is not conserved. The dispersion
relation calculated in the random-phase approxi-
mation’® (RPA) takes the form e (k)=Jp cosk, where
p can be approximated by

r= 1) 1- s ()

The ground state in zero magnetic field consists of
3N occupied states (shaded region in Fig. 2) and
3N empty states. Bulaevskii'® has shown that the

ground-state energy in this approximation is within
5% of the exact result.

Since there is no gap in the excitation spectrum,
even in an external magnetic field, we consider
a direct process in which a nuclear-spin flip is
accompanied by emission (or absorption) of a sin-
gle excitation. T7!is given (for spin-} nuclei) by!!

T =W,+W,, 2)

wheré, for a hyperfine interaction of the form
AL, ®

o= 25 | (4 |AT-S]40) | %000 + <(b))
B (3)
W, = %712 | 4O |AT- 3| 4%)|26(w — € (B)) .
k

W, corresponds to hole emission and is thus pro-
portional to f(~ 7w) =1 - f(hw), where f(€) is the
Fermi distribution function. Similarly, W, corre-
sponds to excitation absorption and is proportional
to flZw). Since the matrix elements are identical,
we have

AZ
2ndp

2
= A k)1 - flw) )=

=7 4
Zh_zde e=hw ()

An alternative approach is to calculate T;1 directly
from the spin-spin time-correlation functions!?

2
T3'= EA;T %} (S787)uw+S7SH.L) , (5)

where (§7S7), is the Fourier transform (at the
nuclear Zeeman frequency) of the time-correla-
tion function. Although the RPA results are iden-
tical with Eq. (4) for the direct process, the spin-
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FIG. 2. Dispersion relation in the Bulaevskii fermion
representation of the 1D antiferromagnet. The solid dot
represents an excitation at €, >0 and the open circle an
excitation hole at €,< 0.

correlation functions provide general expressions
for T7' which can be used in more complete calcu-
lations which attempt to include the full response
of the system. Expressing the spin operators in
the fermion representation, we have

A% 1
4t N
The correlation functions are calculated using the
Green’s-function formalism

C1C,=e"*BT(C,C N, =fw)p*(k, w) , (7)

where p*(k, w) is the anticommutator spectral
weight function. Equation (6) becomes

Ty 2 (€l + €D . (©)

A? .
T;!= Zh_—gN'lEp (B, w) . (8)
k

The direct process is obtained using the RPA. It
is easily shown that p*(k, w)=276(w — € (%)/%), and
thus for Zw << J, Ti'=A%/2nJp as in Eq. (4). The
direct process, in the RPA, thus predicts a finite
zero-temperature rate 7;' <A2/3.28%J and a weak
temperature dependence due to the temperature
renormalization of the dispersion relation. In
view of the good agreement of the ground-state
energy and low-temperature specific heat obtained
using the RPA (as compared to the exact results!®?®),
we believe the above zero-temperature value is,
aside from a renormalization factor of order 1,
the correct value.

The experimental rate shown in Fig. 1 indeed
extrapolates to a finite value at T'=0°K. Using
A/gug=1.57 G and J=5.2x10" eV, "% we find for
the experimental rate T7}(0 °K)=A%/3.37%J. Thus
the RPA result is in excellent agreement with ex-
periment at low temperatures. Examination of
the data shows that the temperature dependence is
much stronger than predicted by the simple direct
process. We attribute this to finite quasiparticle
lifetime effects at higher temperature as is the
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case in three-dimensional (3D) AF! and other re-
lated problems. A brief examination of higher-
order diagrams indicates additional terms propor-
tional to 7%, so that we expect a more complete
theory to show a somewhat stronger temperature
variation. However, no attempt has been made at
this stage to include such effects in detail, espe-
cially since single-particle excitations across the
Hubbard gap may begin to play a role at higher
temperature.

Studies of the nuclear relaxation rate thus pro-
vide a direct measure of the spin fluctuations in
the 1D antiferromagnet. The weak temperature
dependence and finite value at T— 0 °K indicate a
correlation time of order 7%/J throughout the AF
temperature range. The description of the ele-
mentary excitations as fermions is in good agree-
ment with experiment. In this context it is inter-
esting to redo the Golden-rule calculation of the
direct process, making the conventional assump-
tion that the spin waves can be treated as bosons
at low temperature. Going back to Eq. (4), the
statistical factors in the brackets become 1+ 2nfiw),
where n(¢) is the Bose—Einstein distribution func-
tion. For the experimental conditions % gT > hiw,
one finds

a_(A)?
T11=<-ﬁ-)

This differs in magnitude from the experimental
rate by a factor of k5T /fiw~10% and the tempera-
ture dependence is incorrect. The experimental
T;! data are thus particularly sensitive to the
statistics of the excitations. This is to be con-
trasted, for example, with the low-temperature
heat capacity where either the Bulaevskii fermion
theory (see Fig. 2) or the conventional boson spin-
wave theory leads to a term linear in T. The mag-

nitudes in the two cases differ by only a factor of
9,10

kL (boson like spin waves) .
hw nw

dk
de

Finilly, we note that the rate can be calculated
using the exact single-spin-wave states of des
Cloizeaux and Pearson. * Assuming these excita-
tions are fermions, one finds, of course, the
same result for the direct process as given in
Eq. (4), except for a renormalization factor of
1.05. Thus the experimental measurements of
T7! strongly suggest fermionlike excitations in this
spin-1 1D antiferromagnet.
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Lead as an impurity in cesium halides gives the usual A, B, and C bands with some differ-
ences, such as the appearance of a doublet structure in the A band and the observation of an
aggregate lead complex band in the visible region, when compared with the results for the
other lead-doped alkali halides. In this paper the peak positions, half-widths, and dipole-
strength ratios of these lead centers in CsCl, CsBr, and CsI are reported. In irradiated
cesium halides containing divalent lead, a new band is observed in the uv region at about 20
nm to the shorter-wavelength side of the A band. This band is interpreted to be due to Pb*
from various optical absorption studies and is found to be stable up to 110°C. In crystals ir~
radiated for a longer time, this Pb* band goes down along with the Pb*™ bands and a new band
is observed which is attributed to Pb’. It has been found from conductivity studies that the
binding energy for an impurity-vacancy pair in cesium halides is about 0.48 eV and the pres-
ence of divalent lead in these crystals decreases the conductivity in the extrinsic region.
From the dielectric-loss measurements, the migration energy for a cation vacancy bound to
the impurity is found to be ~ 0.62 eV while the preexponential factor is of the order of 3 x 1010

sec !,

L. INTRODUCTION

A considerable amount of work has been pub-
lished!™® on the nature and properties of defect cen-
ters in lead-doped sodium and potassium halides
(fcc structure), but no data are available on lead-
doped cesium halides (bcc structure). Optical ab-
sorption studies” of T1* (another ion of the s2
family) in cesium halides have revealed some new
features such as different temperature behavior
of the B band and six, instead of the usual four,
bands in alkali halides containing such impurities.
Hence, it was thought desirable to undertake a
study of the behavior of lead centers in such bce
structures by optical absorption, radiation damage,
electrical conductivity, and dielectric-loss tech-
niques. The electrical conductivity of cesium

halides has been investigated previously®~*? but the
association region has not been found. It has also
been established® that anion vacancies are more
mobile than cation vacancies. The dielectric-loss
studies in bcc structures containing charge-com-
pensating defects have not been studied so far and
the results pertaining to the dielectric-loss mea-
surements of the lead-impurity-vacancy dipole in
cesium halides are presented in this paper.

II. EXPERIMENTAL METHODS

Some single crystals of pure cesium halides have
been obtained from other research groups, while
some pure and lead-doped crystals were grown in
our laboratory by the Bridgman technique. Lead
was diffused into pure crystals by heating the lead
metal and cesium halide crystals together in an



