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Interchain exchange coupling J' between magnetically inequivalent chains has been studied in the
quasi-one-dimensional (1d) salt dichlorobis (pyridine)copper(II) (CuCl, - 2NC;sHs, referred to as CPC).
Except along symmetry directions, the two types of chains have different g factors, and therefore two
separate ESR lines would be seen in the absence of J'. The coupling J' merges the lines, but the
width of the single observed line is proportional to the square of the microwave frequency. From the
known splitting in the absence of J', determined from previous studies of the crystal g tensor, and
measurements at 10.9 and at 35 GHz, we deduce [J'/J|= 1.2 X 1072, where J is the strong intrachain
interaction. Previous theories of ESR in quasi-1d systems were used to relate the linewidth to J'. In
the course of the work a refined determination of the structure has been made and the various possible
interchain exchange paths have been elucidated. In regard to the latter, it is noted that since there are
in general three different interchain exchange constants which combine differently in their effects on the
linewidth and on the ordering temperature Ty, direct comparison cannot be made between the effective

J' reported here and that inferred from Ty .

I. INTRODUCTION

There is now a fairly large number of inorganic
and organic crystals made of paramagnetic entities
which display the magnetic characteristics of one-
dimensional (1d) chains of strongly exchange-cou-
pled spins. 2 An important quantity in the under-
standing of the magnetism in these quasi-1d systems
is the degree of one-dimensionality, i.e., the ratio
of the interchain exchange to the intrachain ex-
change, J’/J. In this paper we report a method for
determining J’ which has not been used before in an
inorganic paramagnetic-ion linear-chain salt.® It
is applicable in systems in which the chains are
magnetically inequivalent, and is applied here to
the salt dichlorobis(pyridine)copper(Il) (CuCl,

. 2NC;H;, hereafter referred to as CPC) by mea-
suring the frequency dependence of the EPR line-
width. The magnetic properties of CPC have been
studied extensively, #° and it is one of the best-doc-
umented quasi-1d systems. In particular, in a pa-
per® referred to as I, the average g tensor has been
measured and interpreted in terms of the separate
g’s for the inequivalent chains.

If the J’' were very small, then one would see two
ESR lines for many angles of the applied field to the
crystal, and the difference in resonance field be-
tween the lines would be proportional to the micro-
wave frequency employed, owing to the different
effective g factors of the chains. The exchange be-
tween chains, J’, tends to average the two lines and
in the case of CPC is strong enough so that only
one line is observed, even at the highest Larmor
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frequency used (35 GHz) and the angle of maximum
splitting. However, the linewidths are very fre-
quency dependent, since the width of the averaged
line is roughly (splitting)?/(exchange rate). Thus
comparison of the linewidth at X band (10. 9 GHz)
and @ band (35 GHz) is sufficient to make a deter-
mination of J'.

A rough determination of J’/J can be made even
if the chains are not magnetically inequivalent by
using the frequency dependence of the linewidth due
to anisotropic dipolar interactions between chains
to determine the Fourier components of the spin
correlation function, as was recently done®” for
the salt Cu(NH,), PtCl,.

A linear antiferromagnetically coupled chain has
a magnetic susceptibility which peaks at 2T~ J and
decreases isotropically below that temperature due
to short-range magnetic order along the chain. In
many of the inorganic salts long-range magnetic
ordering sets in at some lower temperature (T),
which reflects the exchange between chains, and
thus a J’ can be estimated® from 7T,. Care must
be taken, however, because in some crystals, CPC
included, there may be more than one interchain
exchange constant J’, and the constants can com-
bine differently in their contributions to T and to
the frequency-dependent linewidth. A particularly
simple example is that exchange between equivalent
chains will affect T but not this linewidth. In CPC
the situation is somewhat more complex, as dis-
cussed in Sec. IIB.

If J'/J is very small, the spin excitations remain
on a single chain for a long time and the EPR line
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shape will no longer be Lorentzian, but will lie
somewhere between a Gaussian and a Lorentzian
shape, reflecting the diffusive behavior of the spins
along the chain.® If the line shape is found to be
Lorentzian at all angles to the chain as in CPC, then
the theoretical treatment of Hennessy et al. ! pre-
dicts that J'/J will be greater than 1073, which is
consistent with the J'/J=1.2%107 reported here
for CPC.

J’ may also be determined from careful neutron-
scattering measurements of the spin-wave spectrum
in the ordered phase, as has been done!! for
CsMnCl, . 2H,0. However, energy resolution is
generally not sufficient to measure the small dis-
persion perpendicular to the chain.

Ideally one would like to have a system for which
a single J' could be inferred from all the above -
mentioned methods, so that the various theories
could be checked for consistency. In principle this
could be accomplished in a crystal which had mag-
netically inequivalent chains, a simple ordering
structure characterized by one interchain exchange
constant only—and that between inequivalent chains,
and a value of J’/J small enough to observe non-
Lorentzian lines but large enough to be amenable
to neutron scattering. CPC, unfortunately, fulfills
only the first requirement, but it is the first linear-
chain compound which displays long-range order at
low temperature in which the effects of inequivalent
chains have been tested for J’. We are unaware of
any compound which has all the desired features.

The paper is organized as follows. New data on
the structure are presented in Sec. II A, with par-
ticular emphasis on how they relate to principal
axes for the g tensors. Section II B discusses the
possible interchain superexchange interactions in
view of the structure. Experimental details are
given in Sec. III, and results for the linewidth are
presented in Sec. IV. A theory which relates the
effective exchange rate to the interchain coupling
is derived in Sec. V. Sections VI and VII contain
a discussion and a summary and conclusions, re-
spectively.

II. STRUCTURAL DETAILS
A. Atomic positions

The crystal structure of CPC was initially re-
ported by Dunitz.®* As part of a continuing study
on structural properties of linear-chain compounds,
we have refined by least-squares method the struc-
tural parameters employing 1270 different %kl in-
tensities.

CPC crystallizes in space group P2,/7 in a cell
of dimensions @=16.967 A, 5=8.56 A, c=3.848 A,
and 8=91.98°. The Cu** ion is surrounded by four
closer neighbors consisting of two Cl, ions at 2.298
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FIG. 1. Schematic drawing of the structure of CPC. The
top view is parallel to the linear chains found in CPC; the
bottom view along the b axis (the 91, 98° angle between a anc
c directions on the label only has been purposely exagger-
ated). The Cu™ environment consists of four closer atoms
consisting of two Clg at 2,298 A and two nitrogen atoms at

'2.004 & and two more distant Cl; ions at 3.026 &. The

angles formed are Cl-Cu-N, 89,6°; Cl;-Cu-N, 90.4°; and
Cl,-Cu-Cl; [i.e., CL(I)-Cu-CL(I") in the bottom drawing],
91.52°., Closest distances between carbon atoms on dif-
ferent rings are 3.759 A between pyridine (A) and pyri-
dine (B) and 3. 837 A between pyridine (4) and pyridine
(B’); those between chlorine and carbon atoms are 3. 687
A between CI(I) and pyridine (4) and 3.785 A between
C1(II) and pyridine (A). Exchange paths of the type J}
[Cu-C1(D)-pyridine (A)-Cul, J% [Cu-C1(')-pyridine (4’)-
Cu, shown on the bottom figure only] and J3 [in direction
b, along Cu-pyridine (C)-CI(III)-Cu, shown on top figure
only] are indicated. Other contacts of interest include the
closest C1(D) to pyridine (A’) separation of 4.942 A and the
intrachain pyridine (A’) to CI(I) separations of 3.474 and
3.640 A.

A and two nitrogen atoms at 2. 004 A and two more
distant C1, ions at 3. 026 A. The closest contact
separations between chaing (Fig. 1) involve 3. 759-,
3.837-, 3.851-, and 3.965-A carbon-carbon sepa-
rations and 3.687-, 3.785-, and 3.890 A carbon-
chlorine separations. Of importance to our EPR
resonance patterns (and gtensor)is the relative ori-
entation of the two Cu-Cl, separations, i.e., the angle
between the Cu-Cl, directions of inequivalent chains.
This angle (47.60°) is two times the angle between the
Cu-Cl, direction and the a-c plane. The angle
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formed by the projection of the Cu-Cl, direction
onto the a-c plane and the ¢ axis is 28. 74°.

B. Nature of interchain coupling and
relation to ordering temperature

The subtleties of the CPC structure are such that
some discussion of the possible interchain interac-
tions is required. Each Cu** ion is surrounded by
eight neighboring Cu** ions on inequivalent chains
at distances of 9.636 and 9.753 A and by two Cu*
ions on equivalent (simple lattice translation along
b) chains at 8.560 A. Although the nearest inequiv-
alent neighbors form a slightly distorted body-cen-
tered structure, the superexchange paths are not all
equal. As shown in Fig. 1, the body-centered cop-
per (0, 0, 0) ion is coupled to those at the corners
+(3a, 5b, 3c) and +(3a, — b, 3c) at 9.636 A by a
Cu-Cl,-pyridine-Cu path [from C1(I) to pyridine(A)
in Fig. 1; the path pyridine(B) to Cl(I) is symmetry
related] leading to an interaction J ’1 , whereas the
coupling to those 9. 753 A away at the alternate four
corners +(3a, 3b, —%c) and =(-3a, 3b, zc) of the
cell are through a Cu-Cl,-pyridine-Cu path [C1(I")
to pyridine(A4’) in Fig. 1] with an interaction J}.
The two nearest neighbors on equivalent chains at
a distance 8.560 A are also connected through paths
of the type Cu-Cl,-pyridine-Cu [from C1~(I) to pyri-
dine(B’)] and the interaction is J (note that there
are two equivalent paths, i.e., CI(I) to pyridine(B’);
CI(III) to pyridine(C) along b).

The path Cu-pyridine(A)-pyridine(B)-Cu=Cu-pyr-
dine(A’)-pyridine(B’)-Cu, not involving C1 bonding
at all, might also be considered as a possible source
of superexchange, which would produce equal con-
tributions to J{ and J,.

In I it was pointed out that since the Cu-Cl; dis-
tance is 2.298 A (using our current refined struc-
ture) and the Cu-Cl, distance is 3.026 A, the strong
interactions are likely to be J; and J;. The as-
sumption Ji=J3>J; was made, which led to Z'=6
neighbors and a Néel temperature which was as-
serted to be a function of 6J). This relation, how-
ever, is correct only for fervomagnetic order. In
general the spin structure may be quite complicated,
but as a simple example which illustrates the point,
suppose that the ordered arrangement is as shown
in Fig. 2, which would correspond to antiferromag-
netic chains with the dominant interchain interac-
tion being an antiferromagnetic J{. Then if J; and
J 3 are also antiferromagnetic, the net exchange
field on the central ion will be 4( 171 = |J31) = 21J5]
The ordering temperature Ty is a function of this
mean field. An effective interchain exchange con-
stant may be defined by setting Z'J ;. equal to this
mean field, where Z’' interchain neighbors are taken
into account. For the case of ten antiferromag-
netically coupled neighbors in the lattice structure
of Fig. 2, we find
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while, if the assumption of I is made that Z' =6
with Jj=J5>J;, we obtain

J;ff=%lJ{l ’

where J] was termed j in I.

On the other hand, it will be shown in Sec. V that
the effective exchange rate H, between inequivalent
chains as determined by the frequency-dependent
linewidth gives a measure of |J{+J;/, and is in-
dependent of J;. Because of the very different de-
pendences of H, and of Ty on the interchain exchange
constants, one cannot expect the two experiments
(measurement of Ty and measurement of linewidth
here) to yield the same value for a net effective
interchain interaction J’, except in the unlikely
event that 1J7 1> |J,1, 131,

III. EXPERIMENT

The linewidths were measured with standard
microwave spectrometers. All linewidths reported
are the peak-to-peak widths of the first derivative
of the absorption spectrum. The g values and ori-
entation of the principal axes of the g tensor were
found to be in good agreement with I at @ band. The
small blue needle-shaped crystals of CPC were
grown following the methods described by Takeda
et al.* Crystals were checked by single-crystal
photographic x-ray methods for twining and strain;
such imperfections were found to lead to somewhat
broader lines at @ band at certain angles. The data
reported are for strain-free crystals which were
oriented by x-ray diffraction techniques.

IV. RESULTS

The crystal structure of CPC for magnetic pur-
poses can be thought of as distorted octahedral

FIG. 2. Spin arrangement of antiferromagnetic chains ex-
pected in CPC below Ty if the dominant interchain interac-
tion contributing to order is an antiferromagnetic J{. Dashe
lines show coupling J4, dotted lines J4, dash-dot lines Jj.
See text and Fig. 1 for further explanation of the different
interactions. Only the relative spin orientations should be
considered. That is, the spins on the corners are expected
to be parallel or antiparallel to the one in the center as
shown, but we do not mean to imply that they lie in the a di-
rection.
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“molecules” of Cu(pyridine),Cl, with the two Cl’s
with the longest Cu-Cl, distances defining the axial
tetragonal distortion from octahedral symmetry.

All the molecules in one chain (parallel to the ¢
axis) have the same orientation with the Cu’s strong-
ly exchange coupled. Many Cu** complexes of this
kind have been studied, '* and it is found that the g
tensor of the molecule is axially symmetric (in spite
of the dissimilarity of the Cl’s and pyridines) with

a g, defined by the long Cu-Cl, direction and a g,
perpendicular to the tetragonal distortion. In CPC
there are magnetically inequivalent chains which are
mirror images in the a-c plane. Each g, is tilted
about 37° from the ¢ axis as defined by the long Cu-
Cl; bond, and the half-angle between the inequiva-
lent 2,’s is 23.8°, as noted in Sec. IIA. (The vec-
tor perpendicular to the plane is actually tilted about
38.5° from the ¢ axis, not quite along Cu-Cl;, due
to the slight distortion of the copper environment;
see angles in Fig. 1.) The crystal g tensor was
analyzed in I and it was found that there was suffi-
cient exchange between the chains so that reso-
nances of the inequivalent chains could not be re-
solved at any angle with the X-band frequency em-
ployed. Thus the principal axes of the crystal g
tensor were found to be determined by the average
of the inequivalent chains, with the b axis being one
of the three (g;=2.084) and the other two (£,, ;) in
the ac (mirror) plane; 2, is perpendicular to both
2/s and is 62° from the ¢ axis with a value of 2. 061,
which is a typical value for g,; g; has the value 2.22
and is —28° from the ¢ axis, in agreement with the
value expected (28.74°, as in Sec. II A) if its direc-
tion bisects the two Cu-Cl, bonds in their plane.

The measured principal values are consistent with
a g, of 2.242 and a g, of 2. 061 for each of the in-
equivalent sites, with the angle between the two g,
axes perhaps a few degrees different from that be-
tween the Cu-Cl; long bonds, but only barely outside
the limits of experimental accuracy of the g values
and angular position of the crystal in the magnetic
field. For the ensuing calculations we will assume
that the two site g, axes coincide with the Cu-Cl,
directions and thus make an angle of 47. 6° with re-
spect to each other.

In order to determine the exchange rate between
inequivalent chains, we have taken ESR spectra at
35 GHz, where the Larmor frequency is almost four
times as great as in I. The signals of the individual
sites still are not resolved at any angle, but the
linewidth at selected angles is much greater at 35
GHz (@ band) than at 10.9 GHz (X band). All theo-
ries of exchange averaging predict that the frequen-
cy-dependent linewidth, due to inequivalent chains,
lw, will go as the square of the splitting AH (in G)
of the sites at a particular angle to the crystal:

lw=(AH)?/H, (1a)
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and thus the difference in total linewidths between
® and X band is

_ (AH Y — (AH,)? _9. 3(AH,)?

A
lw T 7 S

(1b)

where AHy and AH, are the splittings at X band and
at @ band, respectively. The quantity H, depends
on the rate of exchange between the equivalent sites.
The linewidths in X band and @ band are plotted in
Fig. 3 as a function of angle in the g;-b plane and
the substantial difference is noted. Only one angle
is really needed to determine H, in Eq. (1b), but
the full angular plot shows the dependence on the
square of the splitting and the nearly-frequency-in-
dependent linewidths in symmetry directions. Be-
cause of the large intrachain interaction (280 GHz),
the linewidths of the site resonances (with no inter-
chain exchange) will have the same secular and non-
secular dipolar values, and thus are not expected to
be frequency dependent.

The splitting at any angle of the applied field to the
crystal can be found by determining the angle be-
tween the field and each of the site g,’s, which yields
the g factor for each site and from the resonance
condition (for @ band),

H=24 971

G,

the field position H of the resonance is obtained.

It is found that the maximum splitting occurs in
a plane defined by the b axis and 2, (28.7° from ¢
in the a-c plane) which also contains the two site g,
axes. This splitting, to lowest order in (g, —-g,)/
(g, +&.), is given at 35 GHz by AH =720 sin2y, in G,
where y is the angle between the field and the b axis
in the g;-b plane. The solid curve in Fig. 3 results
from using this value in Eq. (1b) together with H,
=6200 G, to give a best fit at y=45°. The angular
dependence is seen to agree very well.

120 :
10}~ T Q-BAND
100 & XBAND |
sl .
a0l -
0l -
60 —
504 —
40 —
301 g
P .
1o} 4

LINEWIDTH (gauss)

b-axis

1 L1 1 | | L A
-30° -10° 0 10° 30° 500 70° 90°
ANGLE IN 93-b PLANE

| 1 L
TU-900 700 500

FIG. 3. Linewidth vs angle of applied field H when H is in
the plane formed by the crystal b axis and the g; axis of the
average g tensor, which is —28° from the ¢ axis in the a-c
plane.
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The crystal was tilted away from 45° in the b-g;
plane in all directions to make certain that the maxi-
mum linewidth was found, so that the main uncer-
tainty in H, comes from the uncertainty in the angle
between the 2,’s, where any error is magnified by
the fact that the square of the splitting is used.

Data were also taken in the b-c and a-b planes
with excellent agreement for the angular depen-
dences. The maximum linewidths at X and @ band,
respectively, were b-c plane, 18 +1 and 75+5 G;
a-b plane, 17+1 and 50+5 G. The large errors at
@ band are due to the fact that the linewidths are a
very strong function of angle for excursions out of
the plane; a 5° deviation out of the a-b plane gives
a 10-G change in linewidth. To obtain agreement
for the maxima in all the planes for one H,, the
site g vectors were found to be a few degrees dif-
ferent from the Cu-Cl, direction, which leads to an
uncertainty of £10% in the value of H,.

In the a-c plane there should be no splitting be -
cause of symmetry, and it can be seen in Fig. 4
that the linewidths are independent of frequency
within experimental error. The angular dependence
of the linewidth can be understood from the angular
dependence of the dipolar interaction.

It would be informative to take ESR spectra at a
high enough frequency to actually resolve the two
lines, so that the splitting (AH) is measured, rather
than calculated from the behavior of site g factors
in other Cu™* complexes. However, even at the
angle for maximum splitting it would require at
least a 100-GHz Larmor frequency and even then
the individual lines would be broadened to several
hundred G by the large exchange rate and would be
shifted towards the center by about [AH? — (H,)?]*/2.

Thus we would not expect a substantial improve-
ment of the accuracy of the value of the exchange
rate between chains by performing difficult high-
frequency high-magnetic-field experiments, espe-
cially since so many Cu** complexes have been
studied with fairly consistent results for the g ten-
sors.

V. THEORY

It was stated in Eq. (1a) that the linewidth due to
differing g tensors is given by AH2/H,, where AH
is the splitting which would be observed in the ab-
sence of coupling between the inequivalent chains
and where H, is an effective field which expresses
the coupling. In this section we derive (1a) and give
a formula for H, terms of the inter- and intrachain
exchange interactions. The model has two types of
chains, A and B, with tensors ¥, and E)B coupled by
an interchain interaction J’ which is much less than
the intrachain interaction J. (For simplicity we re-
fer to the interaction as J' when it is not necessary
to distinguish between J{ and J; of Fig. 2.) The
chains are equivalent except for orientation of the
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principal axes of the g tensors and thus J is the
same for both chains. The Hamiltonian is then

50==2J) 8y, i - ZJZ Sip+Sigu
1A B

-2 Z J;A13§i,{' §15 +ugH. @A§A+§3§B), (2)

iaip
where the subscripts A and B refer to the different
chain types, S, and S are total spins of all the A-
and B-type chains, respectively, ujp is the Bohr
magneton, and H is the applied dc field. The sepa-
rate broadening mechanism of intrachain dipolar
coupling is neglected for the moment. The linewidtt
has been computed by Yokota and Koide!* for the
situation in which the first two (intrachain) terms
are absent from (2). In that case there is no 1d
character to the problem and the exchange modula-
tion is given by J’ alone, with spin correlations
decaying three-dimensionally. The basic ideas re-
main the same, however, when the intrachain terms
are included, so that what immediately follows
bears strong similarity to the development in Ref.
14.

For the case of interest here, observation of a
single ESR line, the differing g tensors are treated
as a perturbation which is modulated by J’. It is
in the subsequent modulation of the interchain in-
teraction by J that our work differs from Ref. 14.
The final Zeeman term of Eq. (2) is written as

3, =3€zo+3C' R (3)
where
3= ppH E§= Hag EH s (4)
3€'=%uaﬁ-A§ﬁ=%ua§-A§ﬁ, (5)
and where
§=§A+§B 3 (6)
§=§A _-.B > (7)
R d P d >
g=32(24+85) (8
Or—T— T 7177 T T T T T T
T o-8AND
A X-BAND
30— -
& #
EZO— IBAzl‘\‘AII —
g zaie o1 LE o2 2
= 3
10— —
9 c-axis 9
0

905 -70° -50° -30° -10°0 10° 30° 50° 70° 90°
ANGLE IN a-c PLANE
FIG. 4. Linewidth vs angle of applied field H when H is
in the a-c plane. Chains are magnetically equivalent in this
case.
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AZ= (g4 -85) . (9)
The second equalities in (4) and (5) arise because

€, and EB are symmetric tensors. The observed
resonance frequency of the single line is

w=ps|gH| /7, (10)

while the individual frequencies with which the A
and B chains would resonate in the absence of J'
are

wA,B=“B|§A,Bﬁ| /7. (11)

The values of §, and €5 are as given in Sec. IV.
The perturbation 3’ is written as

e’ :% UBsz'(AEﬁ)e""% IlBSJ_(AEﬁ)J. 3 (12)

where 2’ is the axis of quantization defined by the
direction of gH and the subscript 1 1nd1cates the
component of AgH perpendicular to z’. The L term
in (12) gives rise to nonsecular broadenmg14 which
is negligible as long as wi,>> 1, where /. is the cor-
relation time for interchain spin diffusion. This
condition is well satisfied here so that the second
term in (12) is henceforth neglected. Since E’A and
‘e have different symmetry axes, it is not in gen-
eral true that

pp(ATH), = i(w, - wg) =HAw=guAH .  (13)

However, the relation is correct to lowest order in

bg/g [6g=g,-g,, g=2(g,+&.)], and thus we can
simplify (12) to

¥ = 3 hAwS,, (14)

with the above-mentioned neglect of the nonsecular
part.

The half-width in frequency units 7 is calculated
from the Kubo-Tomita formula®®

o= J‘ gt (" t)G(o)> (15)

in which

G(t) = ﬁ'leixot/ﬁ[:}(i', M+]e-£ﬁcot/h , (16)

where ¢, is the exchange Hamiltonian [first three
terms in Eq. (2)] and M,=M,+M,,. The exchange-
narrowing formula Eq. (15) assumes that the inte-
gral converges, that the decay time of G(¢) is much
less than 1/n, and consequently that the line shape
is Lorentzian. It is known® that these conditions do
not hold for a purely 1d system, so some question
can arise as to the validity of (15) here. However,
the time correlations to be studied are produced by
J' and are thus 3d in character; hence we do not
expect any of the 1d anomalies for that portion of
the linewidth which is due to chains with different
g tensors.

The expression for M, in terms of the spin oper-
ators is complicated by the anisotropic and differ-
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But apart from corrections of the
we have simply

ent g tensors.
order of 6g/g,

M, = pgs,, 17

which is adequate for our calculation to lowest
order in 6g since 3¢’ is already proportional to 5g.
Use of (16) in (13)~(15) then gives

1A *{s*(®s~(0
A T sty
with s*(¢) = e”co”" s*(0)e"™0!/"  where we have noted
that (8*$™) = (s*s™), since there are no static inter-
chain correlations, and have given formal defini-
tion to the correlation time #,. Equation (18a) is
essentially the same as found in Ref. 14,

Before proceeding we should note the comparison
between Eq. (18a) and the expression

n= th TAw?t, (18a)

n=35A0%,, (18b)

derived!® for a model in which a spin jumps at ran-
dom with a frequency 1/#, between two sites where
the frequencies differ by Aw. The factor-of-2 dif-
ference comes from evaluation of integrals of the
type |J§ f(1)dT1%, where f(7) is a random function,
The form (18b) results if f(7) can assume only two
values, +f;, say, whereas (18a) is appropriate if
f(1) can evolve continuously between +f, and — £,
The correlation function (s*(#)s™(0)) has a continu-
ous spectrum of values, and thus Eq. (18a)—which
is used by other authors!*!" as well for exchange
narrowing—seems to be the proper choice.

To evaluate (s*(#)s~(0)) we first observe that

s=NY,, (19)
where
§ =NV2 Y § it (20)
7

with N the total number of spins, is the wave-vec-
tor transform and where Q, is a superlattice vec-
tor defined by

Q- 5=,

in which we assume that each B site is related to
an A site by Tz3=7,+8. The CPC lattice shown in
Fig. 1 essentially corresponds to such a picture
with § = (3a, 3b, Lc).

Hence the problem reduces to calculating the
zone-boundary wave-vector correlation <s;,0(t)s;,0(0)>
which, for isotropic correlations, is equal to
2(SQ (t)S‘a' (0)). Hennessy et al. o have treated
sz’ (1,‘)5‘z O%) in some detail for quasi-1d systems
with finite interchain coupling. Their result is

exp[ f(t D% ('r)dT]

(22)

Qo * Ty = 2nm, (21)

(S8,(1)5%,(0)) = (S%;
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‘PQO(T) S(S 1)

NI (SHDSZ (002 [T = Ty |2,
q
(23)
where the time dependence of S%(7) is with respect
to the dominant intrachain Hamiltonian only and
where

J ZJzA G aFin)

In (22) we have noted that 5%, (T) SQo , independent
of 7, since §Q commutes Wlth the intrachain ex-
change interaction [first two terms of Eq. (2)].
Reiter!® has pointed out that Eqs. (22) and (23) are
derived from perturbation theory—with J' as the
perturbation—and that a different form results in
1d if a self-consistent method is used. However,
the correlation time £, has the same dependence
on J and J’ in both Refs, 10 and 18, and the nu-
merical approximations required in Ref, 18 in
order to compute wave-vector sums make it ques-
tionable whether a more accurate expression for
t, has been obtained. We also note that an expres-
sion for {, has recently been given in the literature
which is identical to the one derived below. '

The quantity J, is given by

JI=4(J+J}) costq,a cos3g,bcosizgsc

+4(J; = 1) sinzq,a coszq,b sinzqsc = — J, o, (24)

(91, ¢», ¢s are components along the crystal a, b,
¢ axes, respectively) for the CPC lattice, consid-
ering only the nearest-neighbor A-B interchain
couplings J; and J3, as shown in Fig. 1 and dis-
cussed in Sec, IIB., Note that A-A and B-B inter-
chain couplings (J3) play no 1mmed1ate role in the
relaxation since they commute with S Upon
converting the sum in (23) to an mtegral and using
(24) we obtain

12772

Z-Z)QO( 7') S(S 1)

2 168 f dgy (5%, (1%, (0)?

X <(J{ +dJp)? coszg-zLC+ (J1-J3)? sinzisz—q ) (25)
by noting that (S2'(7)S%, (0)) depends only on g;.

From (22) and (25) it is evident that we are most
interested in tlme development of ZPQO(T) for times
such that zsz (0)7%2~1, which means for S= 3,
7~(4J'/R)™, For J' < J this time is very long
compared with the characteristic decay time of
J,(7) itself, which is of the order of 7/J. Hence
it is permissible to use the long-time diffusive ex-
pression

(52, (1S%, (02 = § S2(S +1)? &722F, (26)
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where D is the diffusion coefficient, and to assume
D(m®/c?) 7> 1 so that the upper limit in (25) may be
extended to «, and the trigonometric functions in
(25) replaced by their g;=0 limits. We obtain

Ja( ™) = 128( ZJ’>25(S+1)77'“2<3€TT>-1/2 (27

and

[F =Dy (Rae- /ey, (28)
0
where
9 2/3 21D 1/3 , .
b= (512 S(S+ 1)) (7) " /) 4/3’ (29)

in which J'=3(J',+ J,) is the average interchain in-
teraction. Note that £, = 16"%/%¢,, where f, is the
time defined in Ref. 10.

It follows from (18a), (22), and (29) that

©

tc=t1f
0

The diffusion coefficient for S=3 has been calcu-
lated?® to be

D=7 |J| 2/, (31)
so that (29) and (30) reduce to

"2 dx=0. ot,. (30)

IJ]1/3

tc: 0. IGETj,—]T/s

(32)
for spin 2. Comparison of Eqs, (18a) and (1a)
shows that

(gus/MH, = 417" (3V3), (33)

where the factor 5V3 is introduced to account for
the relation between peak-to-peak separation and
half-width for a Lorentzian line,

VI. ESTIMATE OF J'AND DISCUSSION

Our measured value of H, =6200 Oe when com-
bined with the reported *** |J|/ky =13. 4 °K yields

s+ a5]=0.16°K=J"(%),
|7&,) /7| = 1. 2% 102,

where J'(#,) is a net effective J' as determined
from the linewidth studies here. As discussed in
Sec. IIB, the effective exchange J¢;; may be in-
ferred from the ordering temperature T. Values
of |J/J1, inferred inIfrom Ty, ranged between
0.5x% 102 and 3. 9% 10°%, depending on the theory
used to relate Ty to the intrachain exchange J and
the interchange exchange JJ;;. If, as in I, we as-
sume J|=J4>J};, then we obtain |J{/J|=2.4x 1072
from these linewidth studies, as compared to val-
ues ranging from 1.6%10™ to 1. 16x 10" given by
the Ty data, There is thus agreement to within
about a factor of 2 for J; in this picture, using the
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Tahir-Kheli decoupling, 2! which gives the largest
J1 in terms of Ty. In view of the quantitative un-
certainties of relative superexchange interactions
and the theories of Ty and {,, the agreement ap-
pears to be satisfactory. Even closer agreement
could of course be obtained if J, were non-negli-
gible and 151> |J11.

We further note that the larger J'(£), rather than
J4se, is the relevant interaction for eliminating
the ¢*%? line shape of a pure-1d system®; so the
Lorentzian lines observed in I are readily explained
by the magnitude of J'(£,) determined here, where-
as it appeared in I, where J ., was used, that
Lorentzian lines were only marginally consistent
with the low ordering temperature T, =1.13°K,

VII. SUMMARY AND CONCLUSIONS

We have used a novel technique to measure inter-
chain exchange coupling in the quasi-one-dimen-
sional salt CPC. The method, used here for the
first time to our knowledge on a compound with
chains of paramagnetic metal ions, is to study that
part of the ESR linewidth which is caused by mag-
netically inequivalent chains, This contribution
can be readily identified by its frequency and angu-
lar dependence, In the case of CPC the interchain
coupling is sufficiently strong to merge the individ-
ual chain resonances into a single line whose width
is given by Egs. (1). The splitting in the absence
of interaction, Aw, was deduced from the average
g tensor measured in I together with site principal
axes inferred from our refined crystal-structure
determination. The fact that the @-band angular
dependence was in good agreement with the calcu-
lation confirms the assumed orientation of the site
principal axes, The exchange field in (1), H,, was
"related to the interchain interaction by the theory
of Hennessy, McElwee, and Richards.!? The re-
sulting interaction was such as to make |J'(¢,)/J]
=1,2%X10%, where J'(¢,) is an effective value as
measured in this experiment, assuming equal cou-
pling to the eight nearest neighbors on inequivalent
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chains, This ratio is at least a factor of 2 greater
than a corresponding value |JZ;/J! inferred in I
from the Néel temperature Ty. It was pointed out
that since Ty is affected by the interaction between
equivalent chains, J;, whereas the frequency-de-
pendent linewidth is not and that the two possible
interactions between neighboring inequivalent
chains, J| and J,, contribute to J'(%) as J1+J,
but contribute to J);; as J; —J,, for antiferromag-
netic chains, one cannot expect J'(%) and Jg; to be
equal; and, in agreement with the results, the
structure is such that Jge <J'(¢,) for all antiferro-
magnetic interactions.

The frequency-dependent linewidth can provide
an independent measurement of interchain coupling
J' in compounds which have magnetically inequiva-
lent chains, Unfortunately, it is not possible to use
the method in CPC to make a detailed check of the
relation between Ty and J' because the structure
is too complex for a description in terms of only
one interchain exchange constant, If a material
can be found for which there is a single dominant
interchain exchange, which is between magnetically
inequivalent chains, then a truly meaningful veri-
fication of the theories of three-dimensional order-
ing in a quasi-one-dimensional system could per-
haps be made., Such a study might also be possible
with neutron scattering, but the small values of J'
generally prevent the required determination of the
magnon dispersion perpendicular to the chain axis.

A further advantage of studying the frequency-
dependent part of the linewidth due to inequivalent
chains is that one knows, from the g factors, just
what the broadening mechanism is. This is par-
ticularly useful in non-S-state ions such as Cu*
where the spin-spin broadening interaction may be
appreciably nondipolar due to anisotropic exchange
and where spin-lattice effects may influence the
linewidth along symmetry directions. One cannot,
of course, hope to obtain a quantitative value for
the exchange interaction in a formula like Egs, (1)
unless the second-moment numerator is known,
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