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We report electron-paramagnetic resonance (EPR) studies at ~9.5 GHz (X band) and ~34 GHz
(O band) of powder and single-crystal samples of the compound Cu,[TzTs], [N-thiazol-2-yl-
toluenesulfonamidatecopper(Il)], C4oH34Cu,NgOgSg, having copper(Il) ions in dinuclear units. Our data allow
determining an antiferromagnetic interaction Jy=(—=113% 1) cm™! (H=—-J;S1-S;) between Cu(Il) ions in the
dinuclear unit and the anisotropic contributions to the spin-spin coupling matrix D (H,,;=S;-D-S,), a trace-
less symmetric matrix with principal values D/4=(0.198 = 0.003) cm™' and £/4=(0.001 =0.003) cm™! arising
from magnetic dipole-dipole and anisotropic exchange couplings within the units. In addition, the single-
crystal EPR measurements allow detecting and estimating very weak exchange couplings between neighbor
dinuclear units, with an estimated magnitude |J’|=(0.060 % 0.015) cm™!. The interactions between a dinuclear
unit and the “environment” of similar units in the structure of the compound produce a spin dynamics that
averages out the intradinuclear dipolar interactions. This coupling with the environment leads to decoherence,
a quantum phase transition that collapses the dipolar interaction when the isotropic exchange coupling with
neighbor dinuclear units equals the magnitude of the intradinuclear dipolar coupling. Our EPR experiments
provide a new procedure to follow the classical exchange-narrowing process as a shift and collapse of the line
structure (not only as a change of the resonance width), which is described with general (but otherwise simple)
theories of magnetic resonance. Using complementary procedures, our EPR measurements in powder and
single-crystal samples allow measuring simultaneously three types of interactions differing by more than three

orders of magnitude (between 113 cm™! and 0.060 cm™).
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I. INTRODUCTION

The phenomenon of exchange narrowing, first suggested
by Gorter and Van Vleck! and demonstrated by Van Vleck?
at dawn of the magnetic-resonance techniques, was nicely
described by Anderson and Weiss.> Exchange interactions
cannot broaden a paramagnetic resonance line because they
commute with the components of the magnetic moment.
However, they produce a dynamics of the spin system that
averages out magnetic dipolar interactions, thus narrowing
the line.* The “random frequency modulation” model of
Anderson and Weiss® and Anderson* provides a simple but
detailed explanation that predicts the effect of the exchange
coupling in the magnetic-resonance line widths. These ideas
were widely supported by experiments and by other
theories,>”’ and are reviewed in magnetic-resonance
textbooks.® 14 Advances in the Anderson-Kubo theories have
been recently reviewed.

Dinuclear units of metal ions are the simplest coupled
spin systems. In most cases the exchange couplings between
the spins are much larger than the dipolar couplings. Since
the discovery of the properties of copper acetate dihydrate by
Bleaney and Bowers!® in 1952, thousands of molecular
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based magnetic clustered materials (dinuclear and poly-
nuclear) have been reported.'” Their behaviors have been
characterized by a wide variety of experimental techniques
with results supporting a fruitful field for theoretical ad-
vances and applications. Dinuclear units of metal ions pro-
vided a starting point for the great interdisciplinary efforts
expended by physicists, chemists, and material scientists in
the search of single-molecule magnets (smm).'"® They are
also important in bioinorganic chemistry because of their rel-
evance to metal-ion enzymes,'”! and considerable efforts
have been made in that direction.

The field of molecular magnetic materials is growing very
fast, provides a basic understanding of the problems, and
very important progress has been made in designing and pre-
paring new smm with specific magnetic properties.'”!8 EPR
has played important roles in this progress.'>!® A goal of
most studies of dinuclear and polynuclear units is to under-
stand the relation between the magnetic interactions and the
magnetic response and with the molecular structure. Un-
doubtedly, the magnetic response of polynuclear units de-
pends on their magnetic isolation, which may be character-
ized by the ratio between the magnetic couplings between
neighbor units and that within the unit. This ratio determines
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characteristics of the static and dynamic responses and the
quality of the unit for applications as a smm or as a model
system. It is important to emphasize that there is not a single
value for the interaction, but a distribution of values corre-
sponding to pairs of units at different distances. Thus, be-
cause of the approximate exponential dependence with dis-
tance of the couplings, the standard approximation is to
consider the value corresponding to nearest-neighbor units.
In most cases the couplings between units are estimated from
static susceptibility data using the molecular-field approxi-
mation, an approximate method considering the deviations of
the observed magnetic behavior from that expected for non-
interacting polynuclear units.!”-??> These deviations are usu-
ally strongly dependent on experimental uncertainties of the
magnetic measurements and on the quality of the sample.
Thus, the evaluation of weak interactions acting simulta-
neously with much stronger interactions is not normally ac-
curate.

Herein we study the dinuclear copper(I) compound
named Cu,[TzTs], {N-thiazol-2-yl-toluenesulfonamidate
copper(Il) [having 3d (Ref. 9) electronic configura-
tion], where TzTs=N-thiazol-2-yl-toluenesulfonamidate,
C4oH36Cu,NgOgS¢}, reported in Ref. 23. We performed
electron-paramagnetic resonance (EPR) experiments at
~9.4 GHz (X band) and ~34.5 GHz (Q band) in oriented
single crystals and in powdered samples within a wide tem-
perature range. These EPR data allow evaluating the isotro-
pic and anisotropic interactions between the copper spins in
the dinuclear unit. Most important, our single-crystal mea-
surements allow following the transition of the dinuclear unit
from a phase where the anisotropic spin-spin interaction
(mainly dipole-dipole coupling) is clearly resolved, to a situ-
ation where this interaction collapses as a consequence of the
weak exchange interactions with an “environment” of iden-
tical units. This is a temperature-independent quantum phase
transition leading to a decoherence of the spins in a dinuclear
unit, produced by this environment when the center of the
random distribution of exchange interactions with neighbor-
ing units equals the magnitude of the intradinuclear dipolar
coupling. In our single-crystal experiments we move through
this transition by carefully varying the orientation of the ap-
plied field (and thus the position of the energy levels) in a
narrow angular range around the magic angles, where the
dipolar interaction is small. Using this new procedure we
follow the collapse in the energy space of the dipolar inter-
action within the dinuclear unit, produced by random ex-
change interactions with similar neighbor dinuclear units.
This phenomenon has not been observed before for elec-
tronic spins and allows evaluating the very weak interdi-
nuclear exchange coupling producing the spin dynamics that
collapses the intradinuclear anisotropic interactions. The ob-
servations are explained in terms of the theories of Anderson
and Weiss>* and Kubo and Tomita’>~7 and offer a clarifying
experimental view of the classical phenomenon of exchange
narrowing.!~* It is noteworthy to say that exchange narrow-
ing has been for fifty years one of the most important ex-
amples used to build the nonequilibrium thermodynamics
and statistical mechanics.%”?* The values of the intradi-
nuclear interactions are compared with previous findings in
similar dinuclear units. The quantum phase transition? may
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be compared with EPR results for mononuclear spin systems
in rotated crystal sites,?*® for nuclear spins observed in CW
NMR experiments,” and in the time domain in pulsed NMR
experiments.’*3! Recently Pastawski®? described other physi-
cal systems undergoing similar transitions.

In recent years several important investigations about in-
teracting smm have been reported.’3>3¢ These works use
mainly magnetic (thermodynamic) techniques to obtain in-
formation about the effect of these interactions in quantum
tunneling and coherence of the spin states. Our EPR mea-
surements in the simpler dinuclear units show how resonant
techniques may be helpful in this direction in cases when
appropriate single-crystal samples of more complex smm are
available.

II. STRUCTURAL DESCRIPTION OF Cu,[TzTs],

The synthesis, crystallization, chemical properties, and
x-ray crystal structure of the compound Cu,[TzTs],,
C4oH36Cu,NgOgSg,  where TzTs=N-thiazol-2-yl-toluene-
sulfonamidate was described in Ref. 23 and we briefly repeat
some of these findings. It crystallizes in the monoclinic space
group P2;/c with lattice parameters a=17.389 A, b
=16.300 A, ¢=18.368 A, a=y=90°, B=114.364°, and Z
=4 molecules in the unit cell as observed at 293 K. The
molecular structure of Cu,[TzTs], consists of noncentrosym-
metric dinuclear units with chemically different Cu(II) ions,
Cu' and Cu? having fractional coordinates [x,y,z]
=[0.22269,0.38661,0.15272] and [0.28696, 0.37838,
0.31882], respectively.?* Each copper ion occurs in a slightly
distorted square-pyramidal coordination, with four equatorial
N ligands at about 2 A and an apical O ligand at 2.729 A for
Cu' and at 2.723 A for Cu®. Figure 1(a) displays an ORTEP
(Ref. 37) view of the molecular structure of Cu,[TzTs], in-
cluding the labels of the most relevant atoms. A simplified
sketch of the unit cell of Cu,[TzTs], emphasizing the sym-
metry operations relating the four dinuclear units (labeled
A=[x,y,z], B=[-x,1/2+y,1/2-7], C=[-x,-y,—z], and
D=[x,1/2-y,1/2+z]) is displayed in Fig. 1(b). Molecules
A and B are related by a 180° rotation around the b axis plus
a displacement of [0 1/2 1/2]. Molecules C and D are ob-
tained from molecules A and B by inversion operations. The
Cu'-Cu? bond distance in the dinuclear units, at 293 K, is
2.786 A and the metal ions are bridged by four N-C-N bonds
at about 90°. As shown by Fig. 1(b), the Cu'-Cu? directions
in the four units are nearly parallel to the ¢*=a X b axis.

Figure 2(a) describes relevant chemical paths connecting
neighboring dinuclear units.

(i) Cu! and Cu?® ions in neighbor copper dinuclear units
A-B at 11.744 A are connected by an equatorial-equatorial
path containing nine diamagnetic atoms, labeled I in Fig.
2(a),

CuA'-NA-CA-CA-HB - -- CB-CB-CB-SB-NB-CuB?

including a weak hydrogen bond between a carbon CA be-
longing to molecule type A, acting as a donor, with a carbon
CB acting as an acceptor, with distances CA-HB 2.843 A
and HB---CB 0.930 A and the angle CA-HB---CB is
158.05° (see Refs. 38 and 39 for C-H---C bonds). Due to
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FIG. 1. (Color online) Structure of Cu,[TzTs], (from Ref. 23).
(a) ORTEP view of the molecular structure showing the labeling of
some of the atoms. (b) Projection along the a axis of the four
symmetry related dinuclear units in the unit cell, related by the
symmetry operations of the space group P2,/c. The Cu!---Cu? di-
rections of the four units are nearly parallel to the c* axis.

the symmetry operations of the P2,/c group, sites C and D
are connected as sites A and B. An A type unit is con-
nected by these paths to two neighboring B type units [see
Fig. 2(b)].

(ii) Cu' atoms of neighbor copper dinuclear units A and
D at 8.323 A, related by a C, rotation around b followed by
an inversion operation, are connected by a bridging network
made of two pairs of similar chemical paths labeled as II and
III in Figs. 2(a) and 2(b). The equatorial-equatorial paths II

CuA'-NA-SA-CA-CA-CA-CA-CA-HA---OD-SD
-ND-CuD'

contain 11 diamagnetic atoms including one hydrogen bond
connecting a carbon CA to an oxygen OD with distances
CA-HA 0959 A and HA---OD 2.682 A and an angle
CA-HA---OD of 144.34° (C-H:--O bonds are discussed
by Steiner*®). NA and ND are equatorially bonded to
CuA(CuA-NA=2.003A) and to CuD(CuD-ND
=1.998 A), respectively. These Cu' ions of neighbor di-
nuclear units A and D (and B and C) are also connected by
equatorial-apical paths III,

CuAl-OA - --HD-CD-CD-ND-CuD!,

containing 5 diamagnetic atoms, including a H bond between
an apical oxygen ligand OA to Cu and a carbon CD. The
lengths of the corresponding hydrogen bonds are
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FIG. 2. (Color online) (a) Significant chemical paths connecting
dinuclear units in site A with neighbor dinuclear units in sites B and
D (see Ref. 23). They are labeled as I, II, and IIT and all contain
hydrogen bonds (see text). (b) Description of the multiplicity of the
paths I, II, and III.

OA---HD 2436 A and HD-CD 0.929 A and the angle
OA---HD-CD is 170.03°. This information suggests that
the strongest contributions to the superexchange interac-
tion between dinuclear units A and D are through the
chemical paths type III, even when this path involves a Cu
apical bond. Nevertheless, the four paths act as a whole
complex bridging network connecting neighbor dinuclear
units type A to units type D [see Fig. 2(b)]. Sites B and C
are connected as sites A and D.
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FIG. 3. EPR spectra of a powder sample of Cu,[TzTs],. (a) Q
band, (b) X band, at several selected temperatures (i=98 K;
i1=60 K; iii=50 K; iv=40 K; v=20 K; vi=10 K; vii=4.65 K). The
solid lines are experimental results. Dotted lines are spectra simu-
lated using the values in Table I (see text). The double-quantum
transition was added at the magnetic field calculated as in Ref. 12.
The vertical arrows in (a) and (b) indicate the resonance corre-
sponding to the Cr**:MgO marker included within the sample.

(iii) The chemical connections between dinuclear units
type A and units type C are much weaker than those de-
scribed above and will not be considered.

A compound with the same chemical formula Cu,|[TzTs],
was reported by Cejudo-Marin et al.*' who determined its
crystal structure. However, different synthetic and recrystal-
lization methods give materials with structures belonging to
different space groups and having different lattice param-
eters. The compound reported by Cejudo-Marin et al.*! is
centrosymmetric, with chemically identical copper atoms.
The noncentrosymmetric compound studied by Cabaleiro
et al.? Cu,[TZzTs],, has a more irregular structure, with an
asymmetric unit containing a whole dinuclear molecule.

III. EXPERIMENTAL METHODS

We prepared Cu,[TzTs], and grew single crystals as ex-
plained in Ref. 23. Powder samples for EPR measurements
were prepared by finely grinding single crystals. Together
with the powder samples of Cu,[TzTs], we incorporated
small quantities of powdered Cr’*:MgO as field and EPR
signal intensity markers (see later). As indicated by x-ray
measurements, the single crystals show well-defined (011)
growth faces. They were glued to cleaved KCl cubic sample
holders conveniently polished to accommodate a (011)
growth face so that the a, b, and ¢*=a X b crystal axes are
parallel to the x, y, and z axes of the holder, which define the
laboratory reference frame (see Fig. 1 of Ref. 42 that de-
scribes a similar procedure of single-crystal orientation for
an EPR experiment). This procedure allows an accuracy of
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~2° in the mounting of good-quality single-crystal samples.

EPR measurements at X band were performed between
4.65 and 110 K with a Bruker ELEXSYS E-580 spectrom-
eter in powder samples and in single-crystal samples at 293
K. EPR measurements at Q band were performed with a
Varian E110 spectrometer in a powder sample at 98 and 290
K, and in a single-crystal sample at 293 K.

The integrated intensity of the EPR spectra of finely
ground crystalline material measured at X band was evalu-
ated at temperatures (7) between 4.65 and 110 K, by com-
parison with the integrated intensity of the signal of the
Cr**:MgO marker that has a well-defined paramagnetic be-
havior of the signal intensity (1/7 temperature dependence)
in the studied 7T range.

For the single-crystal experiments, the sample holders de-
scribed above were positioned on the horizontal plane of a
pedestal inside the cavity, and the angular variation of the
spectra was measured as a function of magnetic-field orien-
tation h=(sin 6 cos ¢,sin 6 sin ¢,cos #), where B=Bh, in
the mutually orthogonal crystal planes ab, ac”, and bc*. Po-
sitions and widths of the resonances were obtained by least-
squares fits of field derivative Lorentzian line shapes to the
observed spectra. For the analysis of the data and fitting of a
spin-Hamiltonian model, we used the program EASYSPIN,*
working under MATLAB.**

IV. EXPERIMENTAL RESULTS
A. Powder samples

Figure 3(a) displays the observed dx”/dB, spectrum of a
powder sample of Cu,[TzTs], (solid line) at Q band and 98
K (i) as a function of By=uoH (ug is the permeability of the
vacuum). Above 800 mT it shows the strong peaks labeled
By, DQ, and B,,,, and weaker peaks labeled B, and B,
(shoulder) in the standard notation.!>!* The peak B., is under
the tail of the B,,, peak, at 1340 mT. The line labeled DQ is
a transition between the states M= *1 of the spin triplet
state, with absorption of two microwave quanta.'>'* Around
550 mT, the weak one-quantum forbidden transition AM
=+2 is observed [see amplified inset in Fig. 3(a)]."* The
observed spectra also display the signal of the Cr** marker
(see vertical arrow).

At X band, the powder EPR spectra were measured at 30
temperatures 7 in the range between 4.65 K and 110 K.
Some selected results are displayed in Fig. 3(b). A peak la-
beled M around By,=320 mT (g~2.1) is assigned to mono-
nuclear Cu(Il) ions present in the sample. The mononuclear
species may be due to a small contamination of the powder
sample and does not show up in the single crystals. The
peaks of the spectrum observed at 98 K [solid line in Fig.
3(b)] are labeled as those at Q band at the same temperature.
As discussed later, it is important to note that the hyperfine
structure is observed below 50 K in the B, peak of the
dinuclear unit [Fig. 3(b)]. The peak DQ becomes weaker
when the temperature is lowered because of a depopulation
of the spin triplet. Meanwhile, the M peak increases its in-
tensity with decreasing 7, as expected for the paramagnetic
behavior of mononuclear Cu. Both results confirm our as-
signment of the DQ and M peaks. The forbidden transition
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FIG. 4. Temperature variation of the ratio between the integrated
intensities of the spectra at X band of a powder sample of
Cu,[TzTs]4 and for the marker (see Fig. 3), multiplied by the tem-
perature. The dotted line is the best fit with the Bleaney and Bowers
equation [Eq. (1)].

AM = *2 is superposed with B, and, at X band, the B, line
appears at 485 mT. At X band and each T we calculated a
normalized intensity ratio 7, between the integrated intensity
of the powder spectra and that of the signal corresponding to
the MgO: Cr’* marker [indicated by a vertical arrow in Fig.
3(b)], and the result is displayed as 7, X T vs T in Fig. 4. This
value decreases with decreasing temperature, as expected for
antiferromagnetically coupled dinuclear units with an EPR-
silent ground singlet state and an excited triplet state.'” This
procedure avoids considering possible changes of the experi-
mental setup when changing 7, allowing accurate evaluation
of the temperature variation of the population of the excited
triplet S=1 state of the dinuclear units and thus the splitting
between singlet and triplet states of the dinuclear unit, that
equals the exchange interaction Jy. To do that we used the
Bleaney and Bowers!® equation for the magnetic susceptibil-
ity, as modified by Kahn,'” to consider the presence of small
quantities of mononuclear paramagnetic centers,

P ot ()
[3+exp(—Joks)] 47

2N 2. 2
X(T) X T = AvS /-LB{

kg

where p is the molar fraction of noncoupled species, kj is the
Boltzmann constant, 7 is the temperature, up is the Bohr
magneton, and N,, is the Avogadro number. Since the values
of I, X T in Fig. 4 are not absolute quantities but proportional
to x(T) X T, only the temperature dependence is relevant, and
the g value appearing in Eq. (1) cannot be obtained from this
fitting. A least-squares fit of Eq. (1) to the data in Fig. 4 gives
Jo=(=113*1) cm™' and p=0.003+0.001. The ratio p be-
tween the numbers of mononuclear and dinuclear units is
small, and its relative uncertainty is large. However, the am-
plitude of the EPR signal corresponding to mononuclear Cu
units is similar to that of dinuclear units because the field
spread of the mononuclear Cu(Il) signal is about 10 times
smaller than that of the spectrum for the dinuclear unit. Cor-
respondingly, this weak peak is amplified ~2 orders of mag-
nitude in comparison with the others.
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FIG. 5. Single-crystal EPR spectra observed at Q band (a) and X
band (c), for specific orientations of the magnetic field in the ac*
plane at room temperature. The angles are given in the laboratory
coordinate system abc”=xyz described in the text. Spectra simu-
lated using EASYSPIN at the same angles are displayed in (b) and (d);
they show that the forbidden transition disappears at 0° and 90°. At
10° this transition is very weak and not observed. Note that at X
band the DQ transition appears at the same magnetic-field region
where the collapse occurs.

B. Single-crystal samples

Typical spectra of single-crystal samples of Cu,[TzTs],
observed at Q and X bands in the plane ac* at room tempera-
ture are displayed in Figs. 5(a) and 5(c), respectively. Similar
results are obtained in the bc™ plane (not shown). At Q band
three resonance lines are observed for most orientations of
By in the ac” and bc* planes. Two are strong and anisotropic
and correspond to the “allowed” M= =*1«<0 transitions,
within the S=1 triplet of the dinuclear unit. The third reso-
nance shown for #=55° in the insets of Figs. 5(a) and 5(b)
amplified 10 times is weak and corresponds to the “forbid-
den” M==* 1+ =1 transition.'* In the ab plane the posi-
tions of the allowed transitions do not change with angle.
The forbidden transition is not observed in the plane ab, or
close to the a and b axes in the planes ac” and bc”, as it
would be expected for a zero-field splitting with uniaxial
symmetry around the z=c* axis. No hyperfine splitting is
resolved at any orientation of the field in the single-crystal
spectra.

Careful fittings of functions containing one and two
Lorentzian first derivative functions to the observed signals
were performed in order to calculate their positions and
widths. The angular variations of the positions at Q and X
bands, observed at 293 K, in the planes ac®, bc*, and ab are
displayed in Figs. 6(a)-6(c) and 7(a)-7(c). The maximum
splittings between the allowed transitions [up and down tri-
angles in Figs. 6(a), 6(b), 7(a), and 7(b)] occur for the
magnetic-field along the ¢* axis of the dinuclear units (6
=0°). It is noteworthy that we observe the spectrum of only
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FIG. 6. Positions of the resonances observed at 34.5 GHz and
T=293 K with the magnetic field in the three planes: (a) ac®, (b)
bc*, and (c) ab planes. Triangles indicate the M= *1—0 transi-
tions. The maximum splitting between them is along the ¢* axis.
They collapse at the magic angles (54.7° and 125.3° from the ¢*
axis) in the ac™ and bc* planes. The circles indicate the “forbidden”
resonance with |AM|=2 that is observed only in the ac* and bc*
planes, far from the axes. The solid lines were obtained using the
parameters of Table I calculated with the EASYSPIN program
(Ref. 43). The insets in (a) and (b) show with higher detail the
regions where the resonances collapse for orientations of the field
around the magic angles in the ac® and the bc* planes. There is not
a single crossing of the signals at the magic angles, but a collapse
occurs in wide angular ranges.

one type of dinuclear unit. This indicates that the peaks cor-
responding to the A and B units related by a C, symmetry
operation [see Figs. 1(b) and 2(a)] are too close and they are
collapsed by the exchange interactions connecting them.?®
Near the magic angles 6,,=54.7° and 125.3° with the ¢*
=z axis in the ac® and bc* planes [see Figs. 6(a), 6(b), 7(a),
and 7(b)], the allowed resonances collapse, as expected for a
dipolar interaction. The collapse is defined when the quality
factor of the fitting with two signals equals that obtained
with one signal. However, the collapses are not simple inter-
sections of the curves indicating the line positions, but occur
within an unexpectedly wide angular range around 6,, [see
the insets showing the line positions near the two magic
angles in each plane in Figs. 6(a) and 6(b)]. Similar collapses
occur at X band [Figs. 7(a) and 7(b)], but the accuracy of
these measurements are poorer because the collapsing tran-
sitions are superimposed to the double-quantum transition.
The line widths of the main EPR peaks observed at Q band
in the ac” and bc* planes are shown in Figs. 8(a) and 8(b) as
a function of magnetic-field orientation. Both peaks have the
same nearly isotropic width except in the angular region
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FIG. 7. Position of the resonances observed at 9.5 GHz and
T=293 K with the magnetic field in the three studied planes: (a)
ac®, (b) bc*, and (c) ab planes. Triangles indicate M= = 1—0 tran-
sitions. The maximum splitting between them is along the symme-
try axis ¢*. They collapse at the magic angles (54.7° and 125.3°) in
the ac” and bc™ planes. The collapse occurs as observed as Q band
occurs, but the quality of the data is poorer because of the overlap-
ping of the signals with the DQ signal. The circles indicate the
forbidden resonance with |[AM|=2, that is observed only in the ac*
and bc* planes, far from the axes. The solid lines were obtained
with the parameters given in Table I.

where they are collapsed and the width of the single line is
strongly reduced.

In Figs. 9(a)-9(d) we display plots suggested by the
theory of Anderson and Weiss>* for the positions of the reso-
nances around the magic angles in the ac® and bc™ planes,
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FIG. 8. (a) Width of the =1—0 signal in the ac® plane and (b)
in the bc™ plane. A strong reduction of the width occurs around the
magic angles where the signals collapse.
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FIG. 9. Plot of the rate R=AB{™®/AB{™ as a function of
(ABf)alc)‘l. AB{™® and ABff‘lC are the observed and calculated sepa-
rations of the signals around the two magic angles in the ac™ and
bc* planes (Anderson’s plot). (a) and (b) correspond to the ac*
plane; (c) and (d) correspond to the bc™ plane.

respectively. The ratio between the observed and the calcu-
lated splittings of the two lines near and within the collapsed
angular range is plotted versus the calculated separation of
these two lines. The exchange coupling between neighbor
dinuclear units will be calculated from these results (see
later).

Figures 10(a)-10(d) display the line width of the col-
lapsed resonance observed in the ac® and bc* planes in the
narrow angular regions around the magic angles where the
signals collapse, and the line width displays a strong de-
crease with a parabolic angular dependence around the magic
angle. This parabolic angular dependence is discussed later
and used to evaluate the exchange couplings between neigh-
bor dinuclear units in a different way. As discussed in the
theoretical section, in these angular ranges the width varies
quadratically with the splitting of the lines expected in the
absence of collapse.

V. MAGNETIC INTERACTIONS AND ELECTRON-
PARAMAGNETIC RESONANCE SPECTRA

The spin-Hamiltonian operators describing the EPR spec-
tra of dinuclear units weakly coupled by interdinuclear ex-
change interactions like in Cu,[TzTs], can be written as:

H=Hy+H =2 (Hi o+ Hi+ HD) +H,y, (2)

where the sum is over the units i. In Eq. (2), H._is the
isotropic (Heisenberg) exchange interaction within the unit i,
Hex==JoS1,i* Sai- 3)

Meanwhile,
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FIG. 10. [(a) and (b)] Width of the =1—0 signal in the ac”
plane and [(c) and (d)] in the bc™ plane. A strong reduction of the
width occurs around the magic angles where the signals collapse.
The solid lines (parabolas) in the collapsed regions around the
magic angles are calculated by fitting Eq. (18) to the experimental
results. The corresponding values of w,, are included in Table II.

Hinis=S1:- DSy, (4)

contains anisotropic spin-spin interactions between Cu(II)
ion pairs in a dinuclear unit (mainly dipole-dipole interac-
tions, but also symmetric anisotropic exchange).'* H; is the
Zeeman interaction coupling the spins in the i unit with the
external magnetic field B,

H2=MBB0'(g1 ‘Si1+8-8,), (5)

where the g matrices (see Ref. 45) g, and g, in Eq. (5)
correspond to Cu sites 1 and 2. The fact that Cu,[TzTs],
contains anisotropic Cu(Il) ions and Cu(I) dinuclear units
with rotated orientations in the unit cell (and thus rotated g
matrices) imposes special problems?® that are discussed later.
Finally,

Hy=- 2 [J1(0./)Sy ;- Sl,j+J3(i’j)Sz,i -8y

i
+J5(0,/)81 - S+ J4(i, /)8, - Sa ], (6)

where the S, ; are the spin 1/2 operators corresponding to a
copper type p (p=1,2) in the ith dinuclear unit. Equation (6)
contains the isotropic exchange couplings between copper
ions in different units which are associated to specific inter-
dinuclear exchange paths (see crystallographic description),
involving interactions with a distribution of magnitudes. An-
isotropic spin-spin interactions between copper ions in
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neighbor dinuclear units are smaller and are neglected for
our purpose (see later).

General theories of magnetic resonance*® relate the Fou-
rier transform of the EPR line shape I(w) to the thermal
averages of the time-correlation function of the magnetiza-
tion along the microwave magnetic-field direction:

I(w) = L f‘” G(t)e ™dt, (7)
2m) o
where
7 e, AM(OM,(0))
Gl = f | M@etdo =10 0 0))

_ ule "M (1) M,(0)]
T ufe MRV (0)]

(8)

where M () is the magnetization operator in the Heisenberg
representation:

Mx(t) — eth/the—th/h‘ (9)

The time dependence of M, (¢) is induced by the perturbation
‘H, that contains the stochastic interactions of the system
with the environment. The averages (--+) in Eq. (8) are over
the states of this environment. The experiment performed at
room temperature can be analyzed using the high-
temperature approximation, e”V*8T~1, where I is the unit
matrix.3 At lower T this is not valid (see later). A simple
solution given by Kubo®’ for the time variation of M arising
from Eq. (9) when the values of () are shifted to give a mean
value (2(7))=0 is:

M (1) =iQ()M (7). (10)

The random function )(z) in Eq. (10) is characterized by
an amplitude, given by its second moment A, and a coher-
ence time given by an exchange-correlation time 7., or
(equivalently) an “exchange frequency” w., where

A={Q*"? and Tex:z_wzf“ m%ﬂdr. (11)
Wex 0

When the product A7, > 1, the modulation of () is said
to be slow; if A7,,< 1 the modulation is fast.*7 In our ex-
periments we moved between these two conditions. In our
problem () is the frequency associated to the anisotropic or
dipolar coupling within a dinuclear unit and 7., (or w,) is
associated to the effect of the exchange interactions included
in H;. When the interaction H, in Eq. (6) is negligible, the
Hamiltonian H of Eq. (2) breaks up into independent contri-
butions for each unit 7; there is no environment and the prob-
lem is solved by well-known methods."'~'* When H, is rel-
evant, the complex many-body problem is not separable but
can be solved by approximate methods using stochastic
techniques®~’ (see also Abragam?® and Pake”). Applications of
these theories to calculate exchange couplings from the EPR
spectra of a continuum set of weakly interacting anisotropic
spins 1/2 (instead of dinuclear units) have been recently re-
viewed by Calvo.?® To accomplish the analysis of coupled
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dinuclear units, we proceed by steps of increasing complex-
ity, considering first the zeroth-order contribution H, to Eq.
(2), and later, H,; that couples these units.

A. Spin-Hamiltonian and electron-paramagnetic
resonance spectra of isolated dinuclear units

We rationalize first the spectra observed for noninteract-
ing dinuclear units described by H, of Eq. (2).!'-!* H, does
not include hyperfine couplings that at high 7" are averaged
out by the exchange couplings between dinuclear units and
contribute only to the line width (see later). It also neglects
antisymmetric exchange contributions,'? assuming that the
dinuclear units under study have an inversion center (as
closely occurs for Cuy[TzTs]y).

A convenient transformation of the spin operators is

S=S,+8S,, s=S,-S, orequivalently S; =1/2(S +5s),

S,=1/2(S -s), (12)

where s does not follow spin-operator commutation rules.
Equations (12) allow writing

Ho=ugB-[g-S+G-s]—1/2J,S(S+1)
+1/4[S-D-S—s-D-s], (13)

where we discard the sum over similar units in H,, consid-
ering a single dinuclear unit, and neglect constants shifting
equally all levels. Since §,=S,=1/2, S=1 or 0, in Eq. (13),
g=(g,+g,)/2 and G=(g,—g,)/2 and one can define a zero-
field splitting matrix (see Ref. 45) D=D/4 to describe the
spectrum arising from the S=1 triplet, in terms of the intradi-
nuclear anisotropic interactions. For dinuclear units of spins
1/2, the contribution s-D-s has matrix elements between the
states with S=0 and S=1 (having an energy splitting J,), but
not within the S=1 triplet.'* Since the EPR spectra arise
from transitions within the S=1 triplet, the contribution of
s-D-s can be neglected when |Jo|>|D|. Thus, Eq. (13) is
written as:

Ho=pugBy-[g-S+G-s]-1/2J,S(S+1)+S-D-S.
(14)

The powder and single-crystal spectra predicted by Eq.
(14) can be calculated in terms of 12 parameters arising from
g, and g, (or, alternatively, from g and G), plus five param-
eters arising from the traceless symmetric D matrix (D, E,
plus 3 Euler angles) which may be referred to the laboratory
system of axes xyz=abc". Thus, neglecting J, that contrib-
utes only to the temperature dependence of the signal ampli-
tude of the spin triplet, exact calculation of the spectrum of
the dinuclear unit involves 17 spin-Hamiltonian parameters,
plus those related to line broadening. Evaluating these pa-
rameters from the data would be difficult because they are
strongly correlated, requiring well isolated dinuclear units
and single-crystal measurements with narrow resonances.
Simplifications of the spin Hamiltonian have to be made in
most cases. The simplest is to neglect the “residual Zeeman
contribution” H.=upBy-G-s (six parameters), possible
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TABLE L. Spin-Hamiltonian parameters obtained from the EPR results at Q and X bands using EASYSPIN*?
in powder and single-crystal samples. Averages are over single-crystal results at both microwave frequencies.

EPR
parameters Powder samples Single-crystal samples Averages

Frequency [GHz] 34.616 9.308 33.334 9.7844

8x 2.032 2.031 2.043 2.063 2.042£0.011
8yy 2.041 2.042 2.044 2.063 2.047=0.008

82 2.224 2.208 2.249 2.248 2.232*0.016

D [cm™] 0.201 0.201 0.195 0.195 (0.198 £0.003) cm™!
E [em™] 0.0017 0.0016 0.0012 0.0010 (0.001 +0.003) cm™!

1 cm™'=1.98644746 X 1073 Joule=2.99792458 X 10** MHz.

when g, and g, are not too different, as for units close to
having inversion symmetry. It is also possible because H/
does not commute with the exchange coupling —J,S; S, and
it is asymptotically reduced to zero as [H/[*/|Jo| (see text and
Fig. 1 of Ref. 28 for further details). Thus, we have kept only
the main Zeeman term up B(-g-S, eliminating six param-
eters in the simulation. One may also consider that the ma-
trices g and D (see Ref. 45) have the same principal axes
(thus eliminating three Euler angles). In summary, the spec-
trum of a dinuclear unit is similar to that expected for a spin
S=1, showing two anisotropic allowed transitions
M=*x1-M=0 around g~2, one forbidden transition
M=+1—M=-1 at a field corresponding to g~4 and a
double-quantum transition M=+1<—M=—1 at g~ 2, involv-
ing two photons.'!~14

Figure 1(b) shows the four dinuclear units in the unit cell
related by the symmetry operations of the space group P2,/¢
(see structural section). They should give rise to two spectra
corresponding to units A and C and to units B and D (the
inversion operation relating units A with C and B with D
makes equal the spectra of these pairs). In a single crystal
with narrow signals and in the absence of coupling between
the units, one should see two pairs of central resonances
(corresponding to the allowed transitions of two dinuclear
units) with angular variation of positions differing by a C,
rotation around b. However, as shown in Figs. 5-7, only one
pair of allowed transitions from the dinuclear units are ob-
served. In fact the unit cell of Cu,[TzTs], displayed in Fig.
1(b) shows that the directions Cu'-Cu? are nearly parallel to
the ¢ axis (the angle between those corresponding to units A
and B is only ~5°). Thus, exchange couplings between
neighbor dinuclear units average out the small spectral dif-
ferences of rotated units?® explaining the collapse of their
resonances. In that case the spectra are described by five
independent spin-Hamiltonian parameters. We simulated the
single-crystal spectra as a function of angle (Fig. 5) and the
angular variation of the line positions (Figs. 6 and 7) using
EASYSPIN.*3 With an optimization program we calculated the
five parameters (three principal values of the g matrix and
two principal values of the D matrix) from the observed
angular variation, neglecting the points close to the magic
angles where the resonances collapse. The parameters ob-
tained at Q and X bands are given in Table I. Figures 5(b)
and 5(d) display spectral simulations obtained with the pa-
rameters of Table I for the single-crystal samples at the same

angles as in Figs. 5(a) and 5(c). EASYSPIN does not reproduce
the double-quantum transition*® that was added to the simu-
lation as explained in Ref. 12. Obviously, the additional peak
corresponding to mononuclear Cu ions is not reproduced.
The simulations also show that the forbidden transition van-
ish at 6=0° (c¢* axis) and at 6=90° (a axis) where the tran-
sition probabilities are zero, as observed experimentally. For
B, close to the axes [e.g., #=10° with the ¢* axis in Fig.
5(b)], these intensities are very small.

The calculated angular variation of the positions of the
peaks are given as solid lines in Figs. 6 and 7 and reproduce
well the experimental result except for field orientations
close to the magic angles in the planes ac™ and bc™ where, as
expected, the calculated angular dependence shows a simple
crossing and not the observed collapsed angular range [see
insets in Figs. 6(a) and 6(b)]. We also simulated the powder
spectra at Q and X bands at 98 K and using an optimization
program calculated the parameters included in Table I, which
were used to obtain the dotted lines in Figs. 3(a) and 3(b). A
surprising result is that the rhombic zero-field splitting pa-
rameter E calculated from single crystal and powder data is
zero within the accuracy of the experiment for dinuclear
units whose structure do not have axial symmetry. This result
confirms that the observed spectra are the average of the
spectra corresponding to the two rotated dinuclear units in
the unit cell?® that should have axial symmetry around the
z=c" axis.

B. The random coupling approach to the quantum
phase transition

We treat the exchange interactions included in H; trans-
forming Eq. (6) to a base of product functions of the singlet
s and triplet ¢ states (for S=0,1) of units (i) and (j):

1) @ 1(j), s@) @ 1(j), 1) @s(), sG)®s().

Since we observe the triplet state, only matrix elements of
Eq. (6) connecting the nine states of the subspace (i) ® ()
are relevant. Projecting Eq. (6) over this subspace we obtain:

1

H1:—4

> 1)) + (i) + T30 j) + T4 )18 - S
ij#i

(15)

where S(;) and S are spin one operators corresponding to
the dinuclear units (i) and (). The factor 1/4 is a result of the
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TABLE II. Values of the exchange frequencies calculated from (a) Anderson’s plots displayed in Figs. 9(a)-9(d) and (b) from the angular
variation of the line width around the magic angles [Figs. 8(a), 8(b), and 10(a)-10(d)].

Angle/plane 57.5°/ac” plane

122.5°/ac* plane

57.5°/bc” plane 122.5°/bc* plane

(a) From collapse

fiey =(0.048 % 0.006) cm™'  fiwe,=(0.048 % 0.006) cm™'  fiwe,=(0.047 %0.003) cm™'  fiwe, =(0.047 % 0.003) cm™!

(b) From line width #awe=(0.064+0.005) cm™  fiwe,=(0.065+0.006) cm™  fwe,=(0.073 +0.006) cm™  %w,,=(0.072 +0.005) cm™!

[=(29.2+0.7) mT

[y=(29.7+0.6) mT

[=(33.8+0.5) mT [y=(33.7+0.7) mT

1 cm™'=1.98644746 X 107233 Joule=2.99792458 X 10** MHz.

transformation to the triplet states. When a unit (i) is taken as
the center of the problem, there is a distribution of param-
eters J,(i,j) (a=1,...,4) corresponding to all neighboring
dinuclear units. The infinite terms contributing to H; in Eq.
(15) behave as a “random environment” of exchange-
coupled units j observed by each single individual unit i. We
attribute to this random interaction the experimental results
shown in the insets of Fig. 6 and in Figs. 9 and 10 and treat
the problem with the Anderson model** of exchange narrow-
ing of magnetic-resonance lines, which provides the simplest
physical arguments and the methodology to estimate mean
values of the interactions from the data. Anderson’s model
requires some basic conditions:

(a) As described by Van Vleck? for the dipolar interaction,
the anisotropic contribution H,;, to Eq. (2) is assumed to be
diagonal so it has no matrix elements connecting different
states. This is the adiabatic approximation, important for the
simplicity of the treatment. It is approximate valid for the
dipolar interaction in the presence of a sufficiently large
magnetic field.?

(b) H; commutes with the total magnetic-moment opera-
tor M appearing in the line-shape expression [Eq. (8)]:

M=_MBE (g1-S1+8-85). (16)

This is exactly valid when g, =g, (for dinuclear units having
inversion symmetry). However, this problem has been
treated elsewhere?®4’8 and does not introduce a limitation
to our present objective.

(c) H, also commutes with the Zeeman interaction H,
=-M-B,, [Eq. (5)], a condition that holds in the same case
indicated for (b).

(d) H, does not commute with H,;,, which is time modu-
lated and thus reduced or averaged out by H;.

In our experiments we observe a dipolar line structure of
the resonances of isolated dinuclear units, and not the dipolar
broadening observed in the classical studies. We follow the
collapse of this fine structure introduced by H,,;; produced
by the random distribution of interactions included in H;
[Eq. (15)]. This provides a more direct and physically ap-
pealing observation of the exchange-narrowing phenomena
for the dipolar interaction than obtained before.®® As de-
scribed recently by Pastawski,?” the problem confronted here
is a case of a much general problem occurring with the os-
cillatory dynamics of a quantum system which, in the pres-
ence of an infinite random environment, undergo a quantum
dynamical phase transition to a nonoscillatory phase. We
treat first the results in Figs. 9(a)-9(d) where the fine struc-

ture introduced by the (mainly) dipolar interaction within the
dinuclear units collapses as a consequence of the interaction
with neighboring dinuclear units. Later we treat the charac-
teristic angular variation of the line width observed around
the magic angles and displayed in Figs. 10(a)-10(d). These
widths of the resonances around the magic angles in the ac”
and bc* planes provide complementary sources of informa-
tion about the exchange interactions between dinuclear units.

1. Analysis of the collapse of the resonances

The symbols in Figs. 9(a)-9(d) display the ratio R
=ABS™®/ABSM™ between the observed distances between the
collapsing resonances and the average position, as a function
of the reciprocal of the calculated distance, for the magnetic-
field oriented near the two magic angles in the planes ac* and
bc*. This type of graph was proposed by Anderson* and of-
fers a normalized view of the collapse of the signals. It was
used later by Martino et al.?%?’ (see also Ref. 28) to study the
collapse of EPR signals arising from mononuclear species in
rotated lattice sites. When ABS™® is small (1/ABS™ large),
close to the magic angles, the signals are collapsed and R
=0. When ABE™ is large, far from the magic angles, R
~ *1. The collapse occurs when g,uB[AB(C)“IC]mHapse:ﬁwex
[wex =27/ 7,y is defined by Eq. (11)], a condition allowing to
obtain the exchange frequency w., from the well defined
collapse of the signals in Figs. 9(a)-9(d). The results for the
exchange frequency w,, given in Table II were also obtained

by fitting the function®*26-28
AB*? hwy |2
R= ::)alc == 1- ( calc) (17)
ABy guply

to the data in Figs. 9(a)-9(d) in the noncollapsed region with
very similar results. The solid lines in these figures are ob-
tained from these fittings.

2. Analysis of the line width

Anderson’s theory indicates that the observed line width
of the resonance in the collapsed region, 'y (in mT), is
given by:

A Bcalc 2
= S8 (18)
hwey
where ABZU° is the field distance between the collapsing
lines which would be observed in the absence of exchange
extracted from the information plotted as solid lines in Fig.
6. Since near the magic angles ABS™ varies linearly with
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angle, the width of the collapsed resonance I’ should vary
quadratically with the distance to the magic angles, as ob-
served experimentally [see Figs. 10(a)-10(d)]. I'; is a contri-
bution to the width arising from other broadening sources; in
the narrow collapsed angular range of Fig. 10 it may be
considered a constant (see Fig. 8). Equation (18) allows us to
calculate from these experimental results the values of w,,
and I'j included in Table IT and provides the solid lines in
Figs. 10(a)-10(d).

3. Interdinuclear exchange interactions

The values of #w,, obtained from the data and given in
Table II are related to the exchange couplings between
neighbor dinuclear units [Eq. (6) or (15) in the spin 1 repre-
sentation). This relationship has been described by Levstein
and Calvo,*’ Brondino et al.,*” and Passeggi and Calvo*® (see
also Ref. 28) for the case of a spin (arbitrarily seated in site
1) weakly interacting with n; neighbor spins j with equal
exchange couplings J, ; [according Eq. (6)]:

J

where the sum is over the spins j. Because of the second
power in the couplings, and the fast exponential dependence
of the exchange interaction with distance of |J; jl» only few
terms have to be considered in the sum. Considering the
discussion of the chemical paths for superexchange between
dinuclear units in the crystallographic section, the main in-
teraction of a given unit type A is with one unit type D,
supported by a path having five diamagnetic, including one
O---H-C hydrogen bond. Thus, for Cu,[TzTs], it is:

ﬁwexz |‘]AD| = |‘I,|

An average of the values of w,, obtained from Figs. 9 and 10
and given in Table II was obtained and allows us to conclude
that [J|=(0.060*0.015) cm™!. The sign of J' cannot be ob-
tained from our EPR results.

VI. DISCUSSION AND CONCLUSIONS

This work reports a detailed EPR study of powder and
single-crystal samples of Cu,[TzTs],. This compound con-
tains noncentrosymmetric copper(Il) dinuclear units, with
copper ions Cu! and Cu® bridged by four bidentate sul-
phathiazolato anions Cu'-N-C-N-Cu”. The exchange cou-
pling between coppers in the dinuclear unit calculated from
the temperature variation of the intensity of the powder EPR
spectrum Jo=(=113+ 1) cm™' is antiferromagnetic and com-
pares well with the values Jy=—121.3 and —104.3 cm™! ob-
tained for two compounds with similar nonlinear
triatomic-N-C-N-bridges.*! ~ We also  evaluated D
=(0.198+0.003) cm™!' and E~0 for the principal values of
the zero-field splitting of the S=1 triplet state arising from
the dinuclear unit. They are related to the principal values
D=D/4 and E=E/4 of the intradinuclear anisotropic spin-
spin interaction of Eq. (4) [compare Eqs. (13) and (14)]. The
main source of this interaction is the dipolar coupling be-
tween the two copper ions at 2.786 A in the dinuclear units

PHYSICAL REVIEW B 77, 214423 (2008)

that amounts more than 75% of the coupling, as calculated
with the point-dipole approximation.

The most interesting finding of our work is the observa-
tion of the collapse of the structure of the EPR spectrum
arising from the anisotropic spin-spin coupling between the
copper ions, in a dinuclear unit. This phenomenon, which has
not been observed before for dinuclear (or polynuclear) clus-
ters of electronic spins, is attributed to the exchange cou-
plings between a given dinuclear unit and the environment of
other neighbor dinuclear units in the lattice. These provide a
stochastic interaction capable of averaging out the dipolar
coupling when the weak random interaction is larger than the
anisotropic intradinuclear coupling. In that situation a sudden
phase transition occurs and the coupling with the environ-
ment leads to decoherence, a quantum phase transition that
collapses the dipolar interaction. Our EPR experiments in
single-crystal samples provide a procedure to follow the clas-
sical exchange-narrowing process as a shift and collapse of
the line structure (not as a variation of the resonance width),
which is described using results of general theories of mag-
netic resonance and Anderson’s and Kubo’s models for ex-
change narrowing.>”7 We cannot explain the differences be-
tween the values of fiw,, [Eq. (11)] obtained from line shift
and from line-width measurements; a mean value of w,, was
then used to calculate the exchange couplings. A simple
analysis of the observed collapse allows us to estimate the
magnitude of the exchange couplings between neighbor di-
nuclear units. In summary, using complementary procedures,
our EPR measurements in powder and single-crystal samples
allow us measuring three types of interactions differing by
more than three orders of magnitude.

The average value estimated for the exchange coupling
[7']=(0.060 = 0.015) cm™! between a dinuclear unit and the
nearest-neighbor dinuclear units is assigned to a chemical
path containing five diamagnetic atoms, including a weak
O---H-C hydrogen bond. This path connects translated Cu
ions in different units through their apical oxygen ligands.
The two conditions, a H bond in the path and the apical
bonds to the copper ions, make the coupling necessarily
weak. This value of |J’| has a magnitude compatible with
what was obtained for similar contacts between Cu in
copper-amino acid and copper-peptide compounds?6-28-30-54
and in metaloproteins.>>°

An important fact observed in the EPR spectra of the
powder sample is a hyperfine splitting with seven compo-
nents at or below 50 K [see Fig. 3(b), B,; component]. This
multiplicity reinforces that it belongs to the spectrum of the
dinuclear unit. We consider that when lowering the tempera-
ture, the population of the S=1 triplet state of the dinuclear
unit decreases and as a consequence, decreases the magni-
tude of the exchange coupling between dinuclear units. At
these temperatures the high-temperature approximation, usu-
ally made in the statistical calculations, is not valid for the
dinuclear unit. The higher resolution of the hyperfine cou-
pling at lower T is produced by a decrease of the interdi-
nuclear interaction where the magnetic triplet state is de-
populated.

Recently, Sebastian and coworkers studied magnetic
properties and EPR spectra of the compound BaCuSi,Og
having copper(Il) ions in dinuclear units, as a function of

57,58
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temperature at EPR frequencies between 26 and 660 GHz.
The focus of their EPR work,’® performed in a single crystal
at only two magnetic-field orientations, is different than ours.
In the low T region, where they obtain most of the data, the
interdinuclear exchange is quenched by the depopulation of
the triplet state. At these temperatures the mononuclear
Cu(IT) contaminant is the most important contributor to their
EPR spectra, and where the upsurge of the hyperfine cou-
pling (four peaks) appears when lowering T. These results
point to the role of the interdinuclear exchange interactions,
as our work does. We consider, however, that our more de-
tailed single-crystal experiments performed at higher tem-
peratures provide a better view of the role of the interdi-
nuclear interactions, and also about the basic exchange-
narrowing phenomenon. As mentioned above, we observe in
a powder sample, below 50 K, an upsurge of hyperfine cou-
pling, but, instead of that of the minority mononuclear spe-
cies, that of the main dinuclear component [see resonance
B., in Fig. 3(b)]. In addition we clearly follow the collapse of
the structure arising from the intradinuclear dipolar interac-
tions.

The purpose of this paper was measuring exchange cou-
pling between the magnetic molecules from single-crystal
EPR measurements in a polynuclear metal compound. These

PHYSICAL REVIEW B 77, 214423 (2008)

interactions may be responsible of spin-spin relaxation, a
property important for the behavior of single-molecule mag-
nets. Along these measurements we observed a new quantum
mesoscopic effect in electronic spins, and evaluated very
weak exchange couplings, using a simple theoretical analy-
sis. More elaborate versions of the Anderson—-Kubo
theories!’ are not needed for the basic interpretation of our
results for Cu,[TzTs], shown in Figs. 3(b) and 8-10. At this
moment we are performing further experimental and theoret-
ical works which may promote experimental progresses in
the problem, and studies of more complex polynuclear mag-
netic entities.
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