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Low-temperature EPR spectra of Co(en):CuCls"H,O single crystals were studied at X-band. The crystals contain
layers of antiferromagnetically coupled Cu,Clg*~ dimers, with singlet—triplet splitting 2Jy = —14.8 cm™!, separated
by diamagnetic Co(en); molecules. Superexchange coupling between dimers located in neighboring layers,
determined from the merging effect of EPR lines from inequivalent sites, is J; = 0.00712 cm™! at room temperature,
decreases to 0.00325 cm™! below 100 K, and then is temperature independent. Below 15 K the fine structure
lines from S = 1 are resolved with the following zero-field splitting parameters: D. = —0.0200 cm™!, D, =
0.0147 cm™!, and D, = 0.0053 cm™!. The appearance of the structure is a result of a decrease in the number of
magnetic dimers due to a rapid thermal depopulation of the triplet state when &7 < 2J,. A detailed analysis of
this process allowed us to determine intralayer exchange coupling between dimers which amounts to J, = 0.041
cm™! at 100 K and decreases on cooling following triplet density o(T) = [1 + /3 exp(—=2Jo/kT)]™" behavior.
Hyperfine splitting is not resolved down to 4.2 K, and the relatively narrow lines indicate a strong mobility of the
still remaining triplet excitons. The line width decreases on cooling down to about 100 K, and then a strong
broadening appears resulting in the fine structure splitting. Contributions from the narrowing effect, triplet state
density, and temperature variations of the zero-field splitting have been separated in ABy(T). A decrease in the
zero-field splitting occurs on heating and, in the temperature range 4.2—100 K, is phenomenologically described
by the equation D(T) = Dy(1 — aT — bT7?).

Introduction

EPR is a powerful tool in studies of the local electronic and
magnetic structure of paramagnetic centers. In paramagnetic
crystals, however, the local properties are overdominated by
interionic interactions which mask the individual properties of
paramagnetic complexes, and EPR can be used as a method
for studying interionic couplings. Information regarding the
dipolar and exchange coupling is contained in experimental
g-factors and line width ABp, of the EPR spectrum which as a
rule consists of a single resonance line.

How these couplings influence the g-factors of magnetically
inequivalent sites in a crystal is very well recognized for copper-
(IT) ions with § = />, and appropriate procedures to obtain
molecular g-factors from experimental data have been pro-
posed.!=* In contradiction to this, the line width angular and
especially temperature dependencies are not satisfactorily
described by any theory. Classical theories of magnetic
resonance line shapes based on correlation function behavior?
work adequately only when dipolar interaction produces a
Gaussian distribution of the local magnetic field and, in addition,
these fields are time-modulated in a random way by exchange
interaction. A contribution from dynamically averaged hyper-
fine structure can be calculated by means of the hyperfine
second-moment M, in the strong exchange limit.> Difficulties
appear, however, when inequivalent Cu(II) sites exist in a crystal
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and when exchange coupling, dipolar coupling, hyperfine
splitting, and splitting from inequivalent sites are comparable
one to another, because they have different contributions at
different crystal orientations and are differently affected by
temperature. We have solved this problem, to some extent,
presenting an algorithm for a “decoupling” of the EPR lines
from inequivalent sites.®” This algorithm allows one to calculate
“true” EPR parameters, i.e. g-factors and ABy;, and it simul-
taneously gives the exchange coupling integral between in-
equivalent sites.

In this paper we will show that the algorithm we initially
used for a description of isotropic Heisenberg superexchange
coupling effect between inequivalent sites can be successfully
applied to an “effective” exchange coupling governed by thermal
triplet state density o(T) = [1 + /3 exp(~2Jo/kT)]™" in
antiferromagnetic dimers as well as can describe an averaging
of the zero-field splitting of the copper(Il) dimeric units.
Moreover we will subtract the effect of inequivalent sites,
unresolved zero-field splitting, and thermal triplet density from
experimental AB,, data which allow us to determine values of
two small interdimer exchange integrals operating between
layers and within layers of Co(en);CuCls*HO crystals.

The orthorhombic crystal structure of Co(en);CuCls"H,O is
built of layers of CuxClg*~ parallel to the ab crystal plane, which
are well separated by large diamagnetic Co(ethylenediamine)s*™
molecules.®® The crystal unit cell contains four centrosymmetric
dimers with a molecular structure presented in Figure 1. The
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Figure 1. Molecular structure of the [Cu;Clg]*~ dimer in the Co(en)s-
CuClsH,0 crystal.®® The local axes of the g-tensor and the dimer zero-
field splitting tensor are marked. The g, and D; axes are perpendicular
to the dimer plane.

dimers are nearly identically oriented, i.e. magnetically equiva-
lent, in the layers, with a local z axis of an individual CuCls*~
complex (g;-axis in Figure 1) lying close to the bc-plane and
with an angle 2y = 66° between the z-axes of neighboring
layers. The copper(Il) ions are relatively strongly antiferro-
magnetically coupled in dimeric species with singlet—triplet
splitting 2Jo = —14.8 cm™!,%10 which is temperature indepen-
dent. Our previous EPR studies® in the temperature range 77—
370 K have shown that the zero-field splitting is not resolved
and a very weak interlayer exchange coupling decreases linearly
on cooling. EPR measurements at 4.2 K show that fine structure
lines resulting from zero-field splitting are resolved as an effect
of a depopulation of the magnetic triplet state.'® In this paper
we will present the detailed studies of the EPR behavior in the
temperature range below 77 K where anomalous variations in
line width are observed and where gradual separation of the
fine structure lines appears.

Experimental Section

The compound Co(en);CuCls*H,O was prepared according to the
method of ref 11. Single crystals were grown from a water solution
as brown prisms with well-developed (001) plane.

EPR spectra were recorded on a Bruker ESP380E FT/CW operating
at X-band (9.8 GHz) equipped with a dielectric TEy;; resonator and
100 kHz magnetic modulation. A flowing helium Oxford CF935
cryostat was used to obtain temperatures above 4 K. The temperature
was stabilized with an accuracy +1 deg in the whole temperature range.
The rotational data were collected in the abc crystal axis reference
frame.

Results and Discussion

Angular Dependencies and EPR Parameters. EPR spectra
of Co(en)3;CuCls"H,O crystal recorded at room temperature and
at 4.2 K differ significantly. At room temperature the spectrum
consists of two resonance lines from magnetically inequivalent
dimers in neighboring layers which we discussed in the previous
paper.® Angular dependencies of the resonance field and line
width are shown in Figure 2. EPR shows that the dimers
marked as I and II in one layer and dimers III and IV in a second
layer are magnetically equivalent giving only two Lorentzian
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Figure 2. Angular dependence of the resonance field B and line width
AB,, at room temperature. Solid lines on B(8) plots are the best fit to
the tensor equation g2 = o + 8 cos 26 + y sin 26. I-IV mark the four
dimers in the unit cell (see Figure 4). Solid lines on ABy,(6) dependence
are guides to the eyes only.
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Figure 3. Fine structure (zero-field splitting) doublets and line width
ABy; angular dependence at 4.2 K for =1V dimers. The lines on B(0)
dependence are theoretical plots with data of the Table 1. Positions of
the x, y, and z axes of the D tensor are marked.

lines. At 4.2 K each of these two lines splits into a doublet
characteristic for zero-field splitting of the triplet state S = 1.
Angular behavior at 4.2 K is shown in Figure 3. So, the fine
structure for copper(Il) dimers with § = 1 is resolved at low
temperatures but it is averaged out at high temperatures whereas
the hyperfine splitting expected for Cu(Il) is not resolved in
the whole temperature range. The zero-field splitting at 4.2 K
was analyzed by McGregor and Hatfield!® although their
experimental data were collected in a different laboratory system
related to the crystal habit.

The g-tensor principal axes are determined by local crystal
field symmetry at Cu(II) sites, and the g;-axis is directed along
the longer Cu—Cl arm of the dimeric bridge. The axes are
shown in Figure 1 and marked on resonance field variations in
Figure 2. The ground state of Cu(lIl) is d,>-,2 in accordance
with distorted square-pyramidal stereochemistry around Cu(II)
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Table 1. Spin Hamiltonian Parameters and Direction cosines
at 4.2 K¢

direction cosines to the axis

a b c ref 10
22 2255 0 (+——+)0.5736 (+—+—)0.8191 2.27
8y 2070 1 0 0 2.09
gx 2030 0 (—+—-+)08191 (+——=+)0.5736 2.03
D, —200 0 (+——+)0.2588 (+—+-)0.9652 195
D, 147 0 (+—+—-)009652 (—++-)0.2588 150
D, 53 1 0 0 50

@ D-values in 107 ¢cm™!. Errors: in g-factors, £0.005; in D-values,
+4 cm™'. Signs of the direction cosines of the dimers I—-IV are given
in parentheses: (I II III IV).

ion. The principal axis directions do not change appreciably
when the temperature is lowered and when the zero-field
splitting appears. It is confirmed by an analysis of the rotational
data of Figure 3 using the spin-Hamiltonian

H=puzBgs + 5D (1)

For gusB > D the allowed transitions in the triplet state can be
written in the first-order approximation as

h'V = Ems,m, - Ems-l,m] = geff#BB - 3Deff(l/2 - mS) (2)
where

8eff2Deff = ﬁ'g'D~g-h

and h is the unit vector along magnetic field B direction. A
fitting of experimental data presented in Figure 3 to eq 2 gave
g-factors and D-splittings as summarized in the Table 1. The
best fit is presented by lines in Figure 3, and principal axis
directions of the D-tensor are marked. The g-tensor and
D-tensor are not collinear, and the D, direction deviates by about
10° from the Cu—Cu direction in Cu,Cls*~ dimer (Figure 1).

The zero-field splitting tensor D in binuclear Cu(Il) complexes
is expected to have contributions from dipole—dipole magnetic
interaction and from anisotropic exchange coupling: D = D4P
+ De*. The maximal fine structure splitting from D? is
expected along the Cu—Cu direction whereas that from D#* is
expected along the g;-direction. In our case, the experimentally
observed maximal zero-field splitting D, deviates from the Cu—
Cu direction toward the g.-axis. It means that the both
contributions to the D-tensor are substantial. The dipolar
contribution (in cm™!), in point dipole approximation, can be
calculated as

geffz = ﬁ'gz'h

D{® = 0.325¢’r (1 — 3 cos’ 6) ©)

when the g-tensors, of both Cu(Il) ions coupled into dimers,
are collinear. In Co(en);CuCls'H,O the interionic distance is r
= 3,722 A and the D¥P tensor components are

DY® = —0.0578 cm™

D*=00285cm™ DI*=

0.0260 cm ™!

From D?ip values and experimental D; parameters (Table 1)
one can calculate D** components (assuming negative signs for
experimental D.-values):

D¥=0.0378cm | DJ=-00135cm™' D=

X

~0.0207 cm™!

We cannot discuss the Di*-values in terms of anisotropic
exchange integrals as is usually done'? since the values were
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Figure 4. Unit cell of [Co(en);]2[Cu,Clg]CL*2H,0.% Only the Cu,-
Cls dimers are shown. Interlayer J; and intralayer J, exchange pathways
are shown. Jy indicates the antiferromagnetic intradimer exchange with
singlet—triplet splitting equal to —14.8 cm™.

calculated by assuming that the principal axes of the dipole—
dipole interaction tensor and the axes of the zero-field splitting
are parallel, which is only approximately true (see Figure 1).

Interlayer and Intralayer Exchange Interaction between
[Cu,Clg]*~ Dimers. The layered structure of Co(en);CuCls'H,O
suggests that interdimer couplings should be different between
dimers in a layer and between dimers located in neighboring
layers because of different interdimer distances -and different
pathways for superexchange transmission. Thus one can assume
that superexchange can be described by exchange integral J,
between layers and J, in layers as presented in Figure 4. An
observation of the merging effect between EPR lines from
inequivalent dimers located in neighboring layers allowed us
to determine the value of a weak interdimer coupling J; reported
in a previous paper.® We have found that J; decreases linearly
on cooling down to 80 K, which was explained in terms of a
model with competing ferro- and antiferromagnetic contributions
affected by thermal lattice contraction.'”? In this paper we
present the J; temperature behavior below 80 K (full circles in
Figure 5).

The exchange integral between inequivalent sites is derived
from an onset of the merging effect between the splitting of
EPR lines which are observed in the crystal bc-plane for T >
15 K (Figure 2). The method is based on modified Bloch
equations, and we have published two forms of the algorithm
for fitting of a two-component EPR spectrum with exchange-
coupled lines.>’” A more compact form of the algorithm is
presented below. When two Lorentzian resonance lines with
resonance fields By and B, and half-width T; and T, (T = V/3/
2ABgp) are exchange coupled with Hamiltonian Hex = JS1S2,
then the resulting EPR spectrum cannot be reproduced as an
overlap of two independent lines. The spectrum is broadened,
and the central part of the spectrum is averaged when J is not
much less than the critical value: J.; =~ 0.35(B> — B)) for narrow
lines when I'/(B; — B;) < 0.05 or J.; =~ 0.09(B; — B;) when
line width T is comparable to the line splitting (B» — By).'*
Such a spectrum with a visible merging effect or a spectrum
arising when two lines are fully coalesced can be described by
the formulae
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Y(B) = NI{[W, — 2B = B)JI(W| + W) —
4((B — B)W, + (I'y + HW,]I(B — BpW, —
Ty + 2DW MW, + Wy (4)
where
W,=B-B)B—-By)— T, +K)T,+K,)+KK,
W,=B-B)I,+K,)+@B-B)T,+K)
and
By=(B,+B)2 T,=@,+T)2 K=
JB\/B, K,=JB,/B,
N is a normalization factor proportional to the total number of
paramagnetic centers in the sample and describes intensity of a
recorded experimental spectrum. All parameters in eq 4 are

given in mT, and the relationship between energy and field value
of exchange integral J is

Jlem™'] = 0.46686 x 107> g,J[mT)]

where go is the g-factor of the central By field. Equation 4
describes the dependence of the amplitude ¥ of an EPR spectrum
recorded in a form of the first derivative of the absorption, as
a function of the external magnetic field B swept during the
EPR experiment. The equation is valid in the whole range of
J-values. For J = 0 the equation reduced to a sum of two
Lorentzian lines at By and B,, and for J > J the equation
describes the shape of the single line formed from two
completely merged lines. In the intermediate region eq 4
describes a more complicated shape of the spectrum with two
partially resolved lines disturbed by an onset of the merging
effect. Using eq 4 one can find the absolute value of J since
the merging effect is independent of whether ferro- or antifer-
romagnetic coupling operates.

Results of a fitting of our experimental data with eq 4 are
shown as the full circles in the J;(T) plot on Figure 5; the open
circles for T > 80 K are taken from data of the previous paper.’
The weak exchange J; between layers, transmitted via hydrogen
bonds and ethylenediamine molecules, strongly decreases on
cooling down to about 100 K and then becomes temperature
independent with value J; = 0.00325 cm™!. Below about 18
K our algorithm does not work properly since an additional line
splitting appears. Each of two lines split into a doublet with
equal line intensity.

Appearance of the splitting is a gradual process and looks
like a merging effect. We observed it in detail along crystal
c-axis where, because of symmetry reasons, the single resonance
line exists at high temperatures. The line width value is
maximal at this orientation and where we expect the strongest
effect of the splitting. It is shown in Figure 6. A similarity in
the temperature behavior of the fine structure doublet to the
typical dynamical type merging effect suggested use of the
algorithm of eq 4. However the equation is written in the form
appropriate for two lines with different g-factors as is clear from
differences in K, K», and J. For the lines of the fine structure
doublet, the g-factors are equal and related to the By-field. In
this case in eq 4, K; = K, = J. We have obtained a perfect fit
of eq 4 to experimental spectra in the temperature range 4.2—
95 K using a temperature dependent effective J, coupling
parameter as shown in Figure 6 and plotted by the dashed line
in Figure 5.
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Figure 5. Temperature behavior of interlayer J; and intralayer J;
superexchange coupling between the [Cu,Clg]*~ dimers. In the Ji(7)
plot the open circles are taken from a previous paper® and the solid
line is the guide to the eyes. The dashed line describes an effective
exchange coupling between dimers located in the same layer obtained
from the merging effect assuming a temperature-independent zero-field
splitting D. The solid line in the J> plot represents thermal triplet density
behavior, and the full circles are obtained from experimental data by
subtraction of the temperature dependence of the D-tensor.
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Figure 6. Influence of temperature on the zero-field splitting observed
along the crystal c-axis. On the noisy experimental spectra the
theoretical lines are superimposed as calculated from eq 4 with a
temperature dependent J>-value. The lines of the doublet are equal in
integral intensity at 4.2 K, and the apparent difference in amplitude is
due to imperfect alignment of the c-axis along the magnetic field.

The averaging of the fine structure doublet as the temperature
is raised can be understood in terms of triplet state density g
which strongly varies at low temperatures. For antiferromag-
netically coupled dimers the ground state is the diamagnetic
singlet state possessing paired spins and magnetic properties
of the system are related to the excited triplet state which
depopulates on cooling. The number of spins in triplet states
determines the value of the magnetic susceptibility which can
be written as x(7) = gryc, where yc is the Curie susceptibility
for noninteracting spins and or is a triplet state density governed
by temperature: o(T) = [1 + /3 exp(—2Jo/kT)]~!, where 2J; is
singlet—triplet separation.!> At 4.2 K almost all [Cu,Clg]*~
dimers are in the ground diamagnetic singlet state (S = 0) and
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the magnetic triplet state (S = 1) lying 14.8 cm™! higher is
nearly depopulated giving the weak EPR spectrum. An average
distance between magnetic dimers is then large enough to
preclude exchange and/or dipolar coupling between these dimers
and fine structure is resolved. Unexpectedly, however, the
hyperfine structure is then unresolved and, moreover, the lines
are still Lorentzian and continuously narrow with further
lowering of temperature. A similar situation appears in EPR
spectra of organic free radicals of the TCNQ- and TTF-type
charge transfer salts,'>~'7 and it is discussed in terms of mobile
triplet states, the triplet excitons.'8!® A rapid triplet exciton
motion at low temperatures causes the hyperfine structure to
be averaged out to a single Lorentzian line. The exciton
mobility mechanism was also introduced to explain a smearing
out of the hyperfine splitting in some copper(Il) salts.?0-?!

An increase in temperature results in an increase in the
thermal population of the excited triplet state. Thus the density
of the dimers in magnetic state increases and the average
distance between them decreases leading to increase in an
effective coupling between the dimers. It is observed as a
continuous line broadening followed by a shift toward the center,
and at the end lines coalesce into a single line. It appears at
the temperature close to that when thermal energy is equal to
the singlet—triplet splitting and singlet and triplet states are
equally populated. It means that exchange coupling between
dimers is stronger than a critical coupling J... The effective
exchange coupling J» affected by triplet density is the coupling
between dimers located in the same layer since the interlayer
coupling J; is too weak at this temperature to produce the
merging of the fine structure lines. One can expect that the
effective value of J» is proportional to the thermal triplet density

1 205\
J, e 1+/3exp—ﬁ (5)

where 2Jp is singlet—triplet splitting. A similar type of reduction
in interaction was observed in chains of strongly antiferromag-
netically coupled Cu(ll) ions,?! in stacked TCNQ molecules??
and in chromium(III) dimers in the CsCr,Cly crystal.2?

The proportionality from eq 5 applied to the low-temperature
J» values from Figure 6 leads to the equation

T

(with 0.05984 being the best fit parameter) which is plotted as
solid line in Figure 5. For kT > 2J, when singlet and triplet
states are nearly equally populated the J>-value approaches
asymptotically a constant value. At about 100 K, J> = 0.041
cm™! and it can be assumed as an intralayer exchange coupling
between Cu,Clg*~ dimers. There exists, however, a distinct
discrepancy between Jo(7) dependence (dashed line) determined
by thermal triplet density (solid line) and J»(T) dependence
determined from merging effect and described by eq 4. This
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Figure 7. Low-temperature behavior of the line width governed by
unresolved zero-field splitting along the c-axis and local g.-axis of the
dimer I.

discrepancy is unnoticeable at low temperatures when the triplet
density rapidly falls but becomes pronounced when the two lines
are completely coalesced into a single line which continuously
narrows on heating. We well know that the algorithm in eq 4
works properly in the whole range of exchange coupling values
from the weak exchange limit, through the intermediate region
to the fast exchange limit. Thus the observed discrepancy must
be due to some other effect.

We postulate that it is due to temperature dependence of the
zero-field splitting parameter. It is confirmed by a comparison
of the temperature dependence of the line width at different
crystal orientations. The dependence along the crystal c-axis
and along the principal g, axis of the dimer I is shown in Figure
7. The c-axis direction lies close to the maximal zero-field
splitting whereas along g, (I) the zero-field splitting is much
smaller. It is reflected in AByp-values of the averaged lines.
The lines along g, (I) are much narrower, and moreover a
broadening starts only at about 30 K before the critical point
whereas along the c-axis the line width is affected by temper-
ature up to 100 K. Assuming that in the temperature range
4.2—100 K two effects contribute to the observed behavior of
the EPR spectrum, one can separate the thermal density effect
from zero-field splitting D temperature dependence.

Zero-Field Splitting Temperature Dependence. Using J;-
values from eq 5 and B, and B, as fitting parameters in eq 4
we found that the zero-field splitting (B, — B;) = 3D, along
the c-axis decreases upon heating as is shown by points in Figure
8. Such a type of D-tensor behavior is commonly observed
for single multielectron ions with § = 1 as a result of thermal
averaging of the crystal field gradient in the ionic site.?*~26 For
dimers, such behavior is not expected since the Cu,Cl,-bridge
geometry is not affected by temperature as is proved by the
magnetic susceptibility measurements. Temperature dependence
of the susceptibility is well described by the Bleaney—Bowers
equation
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Figure 8. Decrease of zero-field splitting on heating observed along
crystal c-axis. The solid line is the best fit to the equation D(T) = Dy(1
— aT — bT).

Ym = Ng'ug” {3k(T — O)[1 + '/, exp(—2J JkD]} "

with singlet—triplet splitting 2Jo which is temperature indepen-
dent in the whole temperature range.® Since Jy is very sensitive
to even small changes in the dimer bridge geometry as was
found for bis(u-0x0)-*7 and bis(u-chloro) bridged Cu(II) dimers,28
one can assume that CuyCly-bridge geometry is temperature
independent at least within experimental error in Jy, i.e. £0.1
cm~!. This error implies that dimer geometry is stable within
accuracy of about 3 x 1073 in ®/R, where ® is the Cu—Cl—
Cu bridging angle and R is the longer Cu—Cl distance. Thus
dipole—dipole coupling contribution to the D-tensor can be
assumed as temperature independent. Nevertheless, we have
observed a decrease of the zero-field splitting on heating in
chlorocuprates [(CeHs)sSbl.Cu2Cle? and in [(C¢Hs)s(n-Propyl)Plo-
CuCle*® and a similar behavior was reported for admixtured
Cu(IT)-Cu(II) pairs in the Zn(N,N-diisopropyldithiocarbamate),
crystal.3' We have attributed this to temperature variations of
the anisotropic exchange contribution due to a change in thermal
population of the vibronic levels of the chlorocuprate complex
which are characterized by different anisotropic exchange
integrals as discussed in our previous paper.® Phenomenologi-
cally, our D(T) dependence along c-axis can be described by
an equation

D(T) = Dy(1 — aT — bT>) (6)

with parameters Dy = 179.11 x 107* cm™!, ¢ = 0.0036, and &
= 0.8470 that is shown by the solid line in Figure 8. Such
equations are commonly used in NQR spectroscopy to describe
temperature variations of the nuclear quadrupole resonance
frequency.?233
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Figure 9. Temperature dependence of the line width along the c-axis.
From experimental points (full circles) the triplet density o(7) effect
and zero-field splitting D(T) effect were subtracted leading to open
circles representing the line width of two “decoupled” fine structure
lines. Assuming that at high temperatures the o(7) and D(T) effect are
negligible the lines through open circles were extrapolated to fit
experimental data for T > 300 K. These lines represent a narrowing
effect produced by relaxation and/or antisymmetric exchange.

Line Width Temperature Behavior. The line width is
angular and temperature dependent with a strange angular
dependence in the bc-plane at room temperature (see Figure
2). In all crystal orientations, lines narrow on cooling to about
100 K ? and then a broadening is observed down to a critical
point where the fine structure begins to resolve. We present it
for a selected orientation, i.e. along the c-axis, where the line
is broadest (Figure 9). During our decoupling procedure, when
J» was calculated, we found simultaneously the “true” line width
values of the two fine structure lines nonperturbed either by
the triplet density effect or temperature variations of the
D-tensor. These calculated values are presented in Figure 9
and show linear temperature behavior, with low-limit values
equal to 3.4 and 4.5 mT directly measured from the spectrum
at 4.2 K. One can expect that at high temperatures the triplet
density effect is negligible, the zero-field splitting is averaged
to the single line, and other mechanisms can determine the line
width values. Thus we extrapolated “by hand” the decoupled
line widths to the experimental point above 300 K (dashed lines
in Figure 9). These lines represent a narrowing effect produced
by other mechanisms on cooling. Approximately linear tem-
perature dependence of the line width of the “decoupled” lines
suggests that it can be due to a spin—phonon modulation of the
antisymmetric exchange as was found in many copper(I)
compounds.**~3¢ However, the relaxation processes of spin—
spin type can give a large or even dominant contribution to the
line width at low temperatures. Unfortunately, we have not
enough data to separate these contributions.

The last two mechanisms determine the line width at high
temperatures. When temperature decreases, a contribution from
unresolved fine structure, described as D(7) in Figure 9,
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increases and becomes dominated by the triplet density effect
at low temperatures. Thus Co(en);CuCls"H,O crystals present
a rare case where the unresolved zero-field splitting is a
dominant contribution to the line width at intermediate tem-
peratures. This contribution allows us to explain the line width
angular dependence in the bc-plane at room temperature (Figure
2). The maximal line width value appears along the direction
where maximal D-splitting was found at 4.2 K (Figure 3). Thus,
even at room temperature the zero-field contribution to the ABy,
is observable. At 4.2 K when fine structure lines are well
resolved, the angular AB,, variations follow the g-factor

Hilczer et al.

behavior with the maximal AB;, value along the g.-direction.
It indicates that ABj, is governed by an unresolved hyperfine
splitting which is expected to be maximal along the local z-axis
of the crystal field for a dx:-,2 ground state and much less in
perpendicular directions.
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