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A segment model with ¢ v 0.10 weak exchanges among l-c
strong exchanges accounts for the static thermodynamics
of several structurally disordered, complex TCNQ salts.
The segment model 18 extended to the spin dynamics of
random—exchange Heisenberg antiferromagnetic chains
(REHACs), as probed by magnetic resonance., The exchange-
narrowed epr linewidth and resonance shifts at ultralow
temperature are related to dipolar interactions among
spins delocalized on parallel odd-length segments. REHACs
display a wide variety of exchange fields and are therm-
ally decoupled into finite domains. An inhomogeneous
superposition of such finite domains is probed in magne-
tic resonance experiments.,

I. RANDOM EXCHANGE HEISENBERG ANTIFERROMAGNETIC CHAINS

Low temperature power laws characterize the thermodynamics
of random-exchange Heisenberg antifergomagnetic chains
(REHACs). The basic Hamiltonian for 8, = % spins is

> >
W/ = X(ansn.sn+1 +hs ) (1)
where J is the largest antiferromagnetic exchange,0 < x_ < 1
are independent random variables, and h = gu H/J descr
interactions with a static magnetic field H., A normalized
distribution f(x) of the random exchanges then specifies
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completely such static properties as the magnetic suscepti-
bility x(T), the magnetization M(T,H), and the magnetic
specific heat C(T,H). Eq.(l) has primarily been applied?!’?
to structurally disordered, complex salts of TCNQ (tetra-
cyanoquinodimethane) with agymmetric catipns like quino-
Iinjum (Q '), acridinium_(Ad ), etc. The 8, gites are
associated with (TCNQ): supermolecular radicals in Q(TCNQ):
and Ad(TCNQ)2, whose REHAC power laws occur below 20K.

Clark and coworkers have reporteda_s’1 NMR and epr
investigations of REHAC spin dynamics in Q(TCNQ)2, including
samples damaged by irradiation. Their analysis is neces-
sarily phenomenological, since few properties of are
available., Magnetic resonance studies clearly require
extensions of Eq.,(1l) to include hyperfine and three~dimen-
sional dipolar interactions. Recent epr results’ on Q(TCNQ) 2
at ultralow temperatures, 0.5 mk < T < 10 mK, indicate that
X(T) deviates from a REHAC power law. The concomitant
development of a resonance shift cannot be associated with
Eq. (1) since commuting with Sz precludes any shift.

We adopt here the previous approach, that magnetic
terms are weak perturbations to ¥ in Eq.(l), and discuss
REHAC spin dynamics in terms of aosegment model, ® The
microscopic picture of spins delocalized on odd-length
segments, or an odd number of (TCNQ): sites, differs in
important ways from previous ideas about localized sg&ns
interacting with a singular distribution, f1(x) v x = and
0 v 0.8. Different renormalization approachesg’”’B show
that a singular distribution is mnot required for power laws at
low temperature. The almost flat X(T) behavior in Fig., 1
for Q(TCNQ)2 and Ad(TCNQ)2 at T > 20K, on the other hand,
indicates that most (90 + 10%) of the exchanges are comparable,
A segment of ptl sites then corresponds to p successive com-
parable exchanges, with significantly weaker exchanges at
both ends,

The normalized bimodal distribution® for the random
exchanges

f2(x) = c6(e—x) + (1-c)8(1-x) (2)

is the simplest choice for concentrations ¢ and 1l-c,
respectively, of weak exchanges €J and strong exchanges J
along the chain. The parameters c = (.10, € = 0.30, and
J/k = 230K £it® the available static thermodynamics of
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Fig. 1. Absolute x(T)/x and (inset) ¥(T) data for Q(TCNQ):
and for AJ(TCNQ)2. The Cf,(x) fit for weakly interacting seg-
ments is based on € = 0,30, ¢ = 0.10, and J = 230 K. The
singular distribution £,(x) has a = 0.75 and J = 2 x 107K,
(ref. 8).

Q(TCNQ)2 for T g 30 mK, as shown for x(T) in Fig. %. The
probability for a segment with p+l sites is c(l-c)® for
randomly distributed weak exchanges. The average length

of segments is c ! The Q(TCNQ) 2 paramagnetism assoclated

with the doublet ground state of odd segments is c/(2-¢) n 0.05
spins per site. Thus ¢/2 can be estimated through the cross-
over around 20K in Fig. 1 from interacting odd segments to
internal excitations of finite segments.

The preponderance of comparable nearest-neighbor ex-
changes J follows from YX(T) data. The physical motivation
for segments has to do with the short-range order of
asymmetric cations. Completely random up or down orienta-
tions for successive cations 1s hard to reconcile with
elementary packing considerations. Occasional misoriented
cations and considerable short-range order are consistent
with structural data. A distribution of weak exchanges in
the (TCNQ)2 stacks may then reflect changes in the cationic
orientations on one or more adjacent chains.
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In contrast to the strong case for segments, the
distribution of the weak exchanges remains open. The 6-
function choice in Eq.(g& is particularly convenient. A
singular distribution x = for the 10% weak exchanges is
certainly possible. These weak interactions are inevitably
obscured. For kT > €J, the segments are thermally decoupled
and the weak exchanges do not matter, while for kT < eJ
the internal excitations of segments are frozen out and
renormalized interactions between odd segments dominate
the thermodynamics. The renormalized exchangese depend on
the lengths of the odd segments and on the number and
lengths of intervening diamagnetic evgn segments, Eq(2)
gives a renormalized distribution!! x , with & v 0.29.

The low-temperature properties of finite segments
thus yield8 another REHAC, with renormalized exchanges
x_ in Eq.(l) between s = % spins for odd segments n and
ntl along the chain. Paramagnetic odd segments and dia-
magnetic even segments are interspersed. The resulting
localized states have a wide distribution of internal
fields and, as 1s typical for localized states in disordered
systems, their physical properties involve inhomogeneous
averages. We consider in Section II dipolar and hyperfine
interactions among odd-length segments and summarize'! in
Section III the unusual temperature dependence of the
exchange-narrowed epr linewidth of Q(TCNQ): for T % 30mK.
Pairwise dipolar interactions are examlned in Section IV
in connection with ultralow temperatures. The discussion
is always specialized to Q(TCNQ): for estimates of inter-
action strengths.

II. PARAMAGNETISM OF ODD SEGMENTS

Antiferromagnetic exchanges reduce ¥X(T) from X , the Curie
law for noninteracting spins. The effective dénsity of free
spins per site,

a(T) = X(D/x, < 1 (3

involves purely experimental quantities. It is exactly
related, via the fluctuation-dissipation theorem, to the sum
of all static correlations. We see from Fig, 1 that

n(20) v 4%, n(l) ~ 1.4%, and n(.001) "~ 2x10 ° on exptrapo-
lating. Most of the concentration ¢/(2-c¢) v 0.05 of odd
segments are active at 20K, Greater spin dilution occurs at
lower temperature as strongly interacting sequences of odd
segments freeze out to S = 0 or % for even and odd sequences,
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respectively. Adjacent odd segments in Fig, 2 interact most
strongly, then odd segments separated by one even segment, etc.

The dipolar second moment M;(T) of a dilute paramagnetic
lattice is!?

M2(T) = n(T)M2(*) (4)

where+M2(w) is the usual high-temperature result. Diamagne-

tic Q@ and parama§netic (TCNQ)z molecular sites lead'}

rpughly to 2x10"G? for Mz(«). Dipolar fields then go as
2(T) and are of the order of 5G at lmK. These estimates

are not significantly changed on delocalizing the spin

over ¢ ! sites in a segment.

Dipolar fields exceed the hyperfine interactions of
0.7G for (TCNQ): radicals, which decrease as c? on
delocalizing over c sites. Rather long odd segments, or
odd sequences of odd segments, are still paramagnetic below
1K, where strong T and H dependences are observed" in the
proton spin-lattice relaxation. Such small hyperfine fields
are probed by NMR, but are relatively unimportant for epr.

0dd segments in the same chain are exchange coupled and
adjacent odd segments in Fig. 2 are readily frozen out.
Intrachain dipolar interactions are strongly suppressed.
The strongest interaction, as shown in Fig. 3, between spins
delocalized on segments L; and L, is evidently for over-

=1/2 §=0
C——— R | 1 C ]

C) NN ()

[ ] T N

G S DN J

C ] N TN )

Fig. 2. Even and odd segments at low temperature.
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Fig. 3. Dipolar principal
L2 axes for spins delocalized
on adjacent segments Li and
L2, for the case of strong
overlap with a, d << L;, L.

| y

-—d—.

lggping (a << L;, L3) adjacent chains. To lowest order in
L1, L2! the dipolar principal axes (X,Yaz) of such pairs
coincide and the zero-field Hamiltonian'" is

o 2 _ o2
hD E(S¢ - Sy) (5)

The fin?—structure constant E 18, again to lowest order in
-1 .-
L%, L2°,

2,2 2,.2
-&ug 1% gyg Ly +1g)
S L L ©®

An interchain separation of 4 v SX and L3 Vv L2 NSOX yields
E v 10G, Some dimers are consequently strongly coupled.
The mean square amplitude of E over all active odd segments
is essentially M:(T).

Exchange narrowing requires a modulationm, Wy s that
exceeds Internal dipolar fields. Linear chains and REHACs
have additional complications. The general point is that
the renormalized exchanges x_ in Eq. (1) decrease rapidly
as odd segments are frozen out. Interchain dipolar inter-
actions among surviving moments, on the other hand, decrease
only to the extent that Lj; and L; increase. The modulation
we thus eventually fails to average all dipolar fields and
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isolated paramagnetic clusters are formed at very low tem-
perature. We have a percolation problem for partitioning
active spins into dimers or exchange-coupled aggregates.

Complex TCNQ salts have 4-6 nearest-neighbor TCNQ
stacks. Each segment in Fig. 2 has around two adjacent
segments, either even or odd, per adjacent chain. Some 10%
of the odd segments are active at T v 10 mK, n v 5x10 3 4n
Q(TCNQ) 2, when there 1s about one adjacent odd segment per
active spin., The powder average of Eq. (5) for decoupled
dimers is examined below for the ultralow temperature
resonance shift.

ITI. EXCHANGE NARROWING

The localized spin states in REHACs are thermally decoupled
whenever kT exceeds the exchange. The resulting domains
must be treated separately, leading to inhomogeneous
averages. We summarize here such an approach ! to the
exchange-narrowed epr linewidth of Q(TCNQ)2 for T > 30 mK,
Direct ana}XSisa of replicas based on 10 odd segments, or
about 20 ¢ * " 200 sites of the original lattice, yield the
static thermodynamics and include!! all effective exchanges
of 30 mK or more. The strong, or intrachain, exchange
modulation of 10-segment replicas is thus appropriate for

T > 30 mK. These random exchanges x_, with n =1, 2, ...9,
are readily generated for chains of sggments and vary
enormously in the 100 replicas used for the thermodynamics,

Our explicit approximation for (T), the effective
intrachain exchange in the kth replica, is!!?

1 (1) = N'] x exp(-8x ) (7
n

where B = J/kT = 230/T, N = 10, and x_ are the 9 renormalized
exchanges between successive odd segments plus a smaller
exchange of 9x10 * to the next replica, The intrachain
modulation is taken as = 2Jx, (T). Its temperature
dependence in Eq. (7) is largely controlled by the X for
interacting odd segments.

Q(TCNQ); has two magnetically inequivalent (TCNQ) 2
chains, which however yield a narrow average epr line even
at high field,® Interchain interactions larger than dipolar
are needed. We postulate a transverse gxchange field w
with the same temperature dependence, n“(T)A, and take
A = 2x10"G. Such a transverse cutoff produces
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a Lorentzian resonance'® with a half-width of

I(D = M2(1) (20 (D, (D)] 72

for the kth replica.

(8)

Similar crystalline environments are

assumed for all replicas, with M2(®) = 10*G? and a common
tranverse cutoff, while the intrachain exchange mk(T) varies

strongly from one replica to the next.

The paramagnetism x%(T) of the kth replica, which is

already known from the ¥
ponds to the epr intensity.
distributed in Lorentzians with half-widths I, (T).

The

T) calculation for Fig. 1, corres-
These intensities are readily

resulting sum of 100 Lorentzians remains near&y Lorentzian

and has a width 2I'(T) shown in Fig. 4.

The exchange-narrowed

REHAC resonance has an unusual, approximately logarithmic tem-

perature dependence that results primarily from the
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Fig. 4. Width at half-height of the Q(TCNQ): epr absorption,

from ref. 3.

The solid line, from ref. 11, is based on

parameters cited in the text.
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imhomogeneous sum over replicas, which explicitly correlate
the intensity X, (T) and exchanges xk(T) within thermally-
decoupled domains.

The upturn of the epr linewidth in Q(TCNQ)2 above 10K
coincides with the crossover from interacting segments to
internal excitations of segments, REHAC power laws are
restricted to the former. The roughly constant Q(TCNQ):2
linewidth above 20K represents typical, but far from
completely understood, epr absorptions in ion-radical
organic solids.? Both the one-dimensionality and the large
intrachain exchanges are general complications whose
treatment is no easier in REHACs.

IV. ULTRALOW TEMPERATURES

The linewidth I', in Eq. (8) is, in effect, the internal
field in the kth domain when the modulation exceeds the
dipolar internal fields. A Lorentzian epr absorption at

the Larmor frequency 1s expected for guBH /[J=h >>T.,
Cooling slows the modulation and reduces ghe nunBer of spins,
n(T). When the dipolar interaction E, in Eq. (5), between
nearby segments in adjacent chains exceeds w¥(T), the seg-
ments are not exchange narrowed but must be treated
separately. The T + 0 1limit reduces to decoupled clusters
that we approximate here as dimers with a normalized dis-
tribution g(E) of zero-field splittings. The previous
estimates of E rationalize the crossover in the 10 mK

range, but the partitioning of spins to dimers and exchange-
narrowed aggregates remains open. The REHAC topology

in Q(TCNQ)2 leads to common principal axes for Hb in Eq.
(5), as shown in Fig. 3.

In a large applied field h >> E, the Zeeman levels
of a dimer are nearly exact. The epr spectrum is centered
on h_and has fine-structure splitting of the order of E,
depeﬁding on the orientation of h in X, Y, Z. The powder
average for a distribution g(E) gives a width of approxi-
mately

2E v 2[ Eg(E)dE 9)
o]

Only the AM
limit,

g = + 1 transitions contribute in the high-field
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Thg situation is quite different for h v E. Now
¥+ heS leads to a 3x3 matrix'® whose eigenvalues are roots

of

A% =(EZ + n?)A + E(h; - h;) =0 (10)

These are shown in Fig 5a for orientations of K such that
h? = h? , when Eq (10) is easily solved. The situation for
ofher drientations is shown schematically in Fig. 5b. The
two zero-field transitions at E and the transition at 2E
all have equal intensities at h = 0, As h increases, the
half-field transition loses intensity roughly as E2/h?%.

We are computing the powder average of the epr spectrum for
dimers with an assumed distribution g(E) of zero-field
splittings.

The ultralow temperature results’ indicate an internal
field of about 3G, independent of the resomance field h
between about 4 - 9G. The zero-field splittings must
clearly be included explicitly, since E &~ 1-3G is indicated.
About half of the unit sphere has |h ‘ ~ | |, when the
energies in Fig. 5a show%the MM = 1 Fransitions to occur
at lower fields, (hg—Ez) , while the AM = 2 transition is

(h2 + E2)/2
0— ‘l' 0—
—E — _E —
(a) — - (b) ! p
0 h (1] h

Fig. 5. Energy levels of dipolar dimers in a magnetic field.
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at %(h2 - 4E2) . The entire spectrum for these orientations
lies ig 0 <h < h_.. Examination of other orientations
confirms that theoresonance is shifted to lower field, but
it remains to be seen from a powder average whether the
shift is in fact independent of h . We note that J(  in Eq.
(5) reflects directly the model og spins delocalized on seg-
ments, rather than localized on sgites.

The formation of dimers also changes X(T). The ener-
gles in Fig. 5 must be augmented by the singlet state,
which is at zero in the absence of any interchain exchange
and is lowered by 2J' for an AF coupling. Even J' =0
leads to a reduced X(T), but only for kT < E. The observed
reductions’ probably involve finite J' and a crossover to
small clusters. These consequences of zero-field splittings
require additional work.

V. DISCUSSION

Sequences of odd segments result in a wide variety of spin
densities, p_(T), along the chain. The hyperfine interaction
ap_, with a & 0.76 for (TCNQ): radicals, provides a spin-
laEtice relaxation mechanism. Proton Tlldata“ in Q(TCNQ):
show strong T and H dependences below 1K. These results,
which have yet to be interpreted, provide additional appli-
cations of the segment model.

As usual in paramagnetic organic solidsz, the protons are
sufficient strongly coupled to have a single decay time, even
for protons at diamagnetic Q@ sites or in even segments. The
motion and relaxation of the electronic moments are the rate
limiting step for T;'. Since there, are few phonons below 1K,
energy conservation in I'S or I § processes requires degen-
erate electronic states with 7 , the small nuclear Zeeman
energy. The REHAC density of spin-flip states is then
proportional to TII, as shown'® in low fields for the regular
Heisenberg chains of a-CuNSal, The distribution of exchanges
between odd segments suppresses a sharp critical field, but
T11 nevertheless decreases with increasing H.

The excitations of Eq. 1, even for uniform x_, are
neither fermions nor bosons. Their complicated statistics
are modeled, as in 0~CuNSal, by transforming to interacting
fermions”’is that correspond to spin flips. The Fermi
energy is related to S, and thus depends on the applied field.
Localized states in REﬁACS clearly differ from regular chains.
Furthermore, thermal decoupling points to local densities of
states. For T > 30mK we are again taking replicas of 10 odd
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segments, or 10 fermions. The best energiles for noninter-
acting fermions are found, at any T, by comparing with the
static thermodynamics.

We have sketched above an approach to spin dynamics in
REHACs. Many additional comparisons, as well as more complete
analyses, will be needed to establish a consistent picture.
Several general points have already emerged from the segment
model. First, the magnetic properties of REHACs like Q(TCNQ):2
have a crossover from interacting odd segments at low temper-
ature to excitations of finite segments. Second, both static
and dynamic properties at low temperature reflect widely
different effective exchanges between odd segments in ther-
mally decoupled sequences., Third, conventional treatments of
dipolar and hyperfine interactions, of one-dimensional effects,
and of transverse cutoffs are possible in REHACs, once their
local distributions are introduced. The strong T and H
dependences in REHACs then facilitate comparison with general
theories. Finally, at ultralow temperature we expect small
dipolar clusters, with characteristic principal axes for
parallel odd segments, as the effective exchanges become very
small.

We gratefully acknowledge support for this work through
NSF-DMR-7727418 AQl.
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