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Abstract: Polymer-chain complexes Cu(hfac),LR represent an interesting type of molecular magnets
exhibiting thermally induced and light-induced magnetic switching, in many respects similar to a spin
crossover. In the majority of these compounds the polymer chain consists of alternating one- and three-
spin units composed of copper(ll) ions and nitrony! nitroxides. The principal one-dimensional structure of
the complexes has previously been assumed to play a key role in the observed magnetic anomalies. Using
Q-band electron paramagnetic resonance (EPR) spectroscopy, we have reliably demonstrated that these
complexes are indeed one-dimensional in the sense of the topology of their exchange channels; however,
the magnetic chains spread across the structural polymer chains and consist solely of spin triads of
nitroxide—copper(ll)—nitroxide. Using four selected examples of complexes Cu(hfac),LR, we have found
the exchange coupling values between spin triads of neighboring polymer chains to range from <1 to ca.
10 cm™1. This conclusion could only be reached due to the selective probing of one- and three-spin units
by EPR and correlates perfectly with both previous magnetic susceptibility data and quantum chemical
calculations performed in this work. These findings give new insights into the cooperativity effects and

mechanisms of magnetic anomalies in the Cu(hfac),LR family of molecular magnets.

Introduction

In recent decades, the design and synthesis of thermo- and
photoswitchable molecular magnetic compounds have attracted
significant attention due to both fundamental interest and
potential applications in spintronics.~” A lot of studies have
been devoted to the thermally induced and light-induced spin
crossover and valence tautomerism observed for complexes of
transition metal ions.** Changes in the multiplicity of the
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ground state of a 3d-ion effected by temperature or light govern
the changes in magnetization; therefore, such bi- or multistable
systems can be considered as elementary magnetic switches.

A new family of polymer-chain complexes, Cu(hfac),LR (later
caled “breathing crystals’), was found and studied extensively
over the past several years.> Polymer chains of breathing
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Chart 1. Chemical Structure of Cu(hfac), and the Nitroxide Ligand

foSes M

LR Cu(hfac),

crystals are formed by bis(hexafl uoroacetylacetonato)copper(l1)
and pyrazolyl-substituted nitronyl nitroxides (Chart 1).

In the mgjority of these compounds, the polymer chains have
a “head-to-head” coordination motif and consist of aternating
one- and three-spin units composed of copper(ll) ions and
nitronyl nitroxides. The compounds with butyl-substituted
nitroxide (R = Bu) allow various solvent molecules (Solv) to
be incorporated in the interchain space, forming the compounds
Cu(hfac),LB"-0.5S0lv.%83° A key characteristic of breathing
crystalsistheir ability to undergo reversible, thermally induced
structural rearrangements, accompanied by changes in magnetic
susceptibility, which are in many respects similar to a classical
spin crossover. During these reversible rearrangements, the
elongated (Jahn—Teller) axis of the octahedron CuOg is rotated,
and the exchange interaction (J) between copper(ll) and the
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nitroxide spins in a spin triad may change by up to 1—2 orders
of magnitude.*® This resultsin a change of the magnetic moment
(i.e., spin transition), since at high temperatures the spins are
weakly coupled (|J] < KT), referred to as the weakly coupled
spin (WS) state, whereas at low temperatures strong antiferro-
magnetic exchange effectively couples two of the three spins
(19 > KkT), and thus the spin triad converts to the strongly
coupled spin (SS) state with atotal spin S= 1/2. We have found
that electron paramagnetic resonance (EPR) of breathing crystals
allows one to monitor the spin transitions between WS and SS
states and to measure the exchange interactions.*>*® We have
also found recently that this magnetic switching can be induced
by light.*® In both cases of thermal and optical initiation, the
switching of the magnetic propertiesis attributed to a significant
change of the exchange interaction within the spin triads.*® Note
that similar magnetic anomalies have also been observed for
other complexes of copper(ll) with nitroxides.*’ >

In most cases, spin transitions in breathing crystals occur in
a temperature range of 50—300 K and manifest themselves in
changes of the magnetic moment and EPR spectra. Typical
exchange interaction values in spin triads that govern these
changes are about 100 cm™. However, in many compounds,
an additional decrease of the magnetic moment at T < 20 K
was experimentally observed.*? It was generally assigned to
intercluster exchange interactions and assumed to play an
insignificant role because its value is by 1—2 orders of
magnitude smaller compared to intracluster exchange in spin
triads. Magnetic susceptibility data could not give any insight
into the nature of intercluster exchange in breathing crystals,
as it reports the bulk magnetization contributed by both one-
and three-spin units. However, understanding these relatively
weak intercluster exchange interactions might give insights into
the key properties of magnetic switching in breathing crystals.
In particular, the character of spin transition (abrupt or gradual)
and the mechanism that induces it should be correlated to the
cooperativity introduced by intercluster exchange.

In this work we investigated the intercluster exchange
pathways in breathing crystals using Q-band EPR (34 GHz)
and quantum chemical calculations. Luckily, in these magneti-
cally concentrated systems, the EPR signals of one- and three-
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spin units are well resolved. It is the selectivity of EPR to these
two types of paramagnetic centers that allowed us to draw
definite conclusions on the coupling scheme in the crystals and
obtain severa new insights. We have reliably shown that the
magnetic “chains’ do not coincide with the structural polymer
chains but are instead formed by interconnected spin triads of
neighboring polymer chains.

Experimental and Computational Details

Four compounds of the breathing crystals family, Cu(hfac),L™,
CU(hf&)zLBu°o.5C7H16 (C7H16 = heptane), Cu(hfa:)zLBu°O.5CgH18
(CgH1g = octane), and Cu(hfac),LBY+0.5CgH 1o (CgH19 = 0-xylene),
have been synthesized according to previously developed
procedures.3-373942 Their gtructure and magnetic susceptibility
behavior were also investigated previously.>°*?

EPR measurements were carried out in continuous-wave (CW)
mode using a commercia Bruker Elexsys E580 X/Q-band EPR
spectrometer equipped with an Oxford Instruments temperature
control system (T = 4—300 K). In all cases, single crystals of the
studied compounds were used. For each compound, the orientation
of the crystal was adjusted experimentaly, with the goal of
achieving maximum spectral separation of the EPR lines of one-
and three-spin clusters.

Our quantum chemistry study was focused on evaluation of
exchange interactions between nitroxides of spin triads belonging
to different polymer chains. Therefore, we used a simple model
accounting for these dimeric exchange integrals only. The exchange
integrals between selected pairs of radicals were calculated for the
X-ray diffraction crystal structure of the above-mentioned com-
pounds. The spin-unrestricted broken-symmetry approach®? at the
B3LY P> and PBEO® levels of theory with 6-31+G(d)®® and SVP>®
basis sets was used. It was demonstrated previously that the
UB3LY P/6-31+G(d) method reproduces well the exchange interac-
tions between nitrony! nitroxide radicals.>” The values of exchange
interaction were determined as Jrr = —(Ens — Egs)/((Phus —
(S)s), Where Eys is the energy of the triplet state of the pair of
radicals and Egs is the energy of the open-shell singlet state within
the broken-symmetry approach.>? This definition corresponds to
the spin Hamiltonian of exchange coupling, written as He = —2JrR*
SriSr2, and the singlet—triplet splitting, equal to AEst =
2Jrr. In al cases, the () value for the triplet states was ~2.1,
and that for the broken-symmetry singlet states was ~1.1. The
accuracy of the energy calculations was chosen to be 107 H, which
provided calculations of Jzg with an accuracy of 0.04 cm™*. All
calculations were performed using the Gaussian 03 suite of
programs.®®

Results and Discussion

We have selected four representative compounds of the family
Cu(hfac),LR to study their intercluster exchange interactions.

(52) (a) Noodleman, L. J. Chem. Phys. 1981, 74, 5737-5743. (b) Noodle-
man, L.; Davidson, E. R. Chem. Phys. 1986, 109, 131-143. (c)
Noodleman, L.; Case, D. A.; Mouesca, J. M. Coord. Chem. Rev. 1995,
144, 199-244. (d) Nagao, H.; Nishino, M.; Shigeta, Y.; Soda, T.;
Kitagawa, Y .; Onishi, T.; Yoshioka, Y.; Yamaguchi, K. Coord. Chem.
Rev. 2000, 198, 265-295.

(53) (a) Geerlings, P.; De Proft, F.; Langenagker, W. Chem. Rev. 2003,
103, 1793-1873. (b) Becke, A. D. J. Chem. Phys. 1993, 98, 5648
5652. (c) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785~
789.

(54) Adamo, C.; Barone, V. J. Chem. Phys. 1999, 110, 6158-6169.

(55) Ditchfield, R.; Hehre, W. J.; Pople, J. A. J. Chem. Phys. 1971, 54,
724-728.

(56) Schaefer, A.; Horn, H.; Ahlrichs, R. J. Chem. Phys. 1992, 97, 2571~
2577.

(57) Deumd, M.; Bearpark, M. J.; Novoa, J. J.; Robb, M. A. J. Phys. Chem.
A 2002, 106, 1299-1315.

(58) Frisch, M. J; et a. Gaussian 03, Revision B.01; Gaussian, Inc.:
Pittsburgh, PA, 2003.

13888 J. AM. CHEM. SOC. = VOL. 132, NO. 39, 2010

(@) Cu(hfac),L?"0.5C;H s
v/au.

o
0 50 100 150 200 0 50 100 150 200
(b) Cu(hfac),L*"0.5CsH s

v/au.

2.0

15

0 50 100 150 200 0 50 100 150 200

(¢)  Cu(hfac),L™

/au.
25 -ueff/B 3 Y
20 . WM
1 je0o
1.5

0
0 50 100 150 200 0O 50 100 150 200

(d)  Cu(hfac)L?"0.5CsH 0

/ /a.u.
25 Hesf I3 o v

0
0 50 100 150 200 0 50 100 150 200
Temperature / K

Figure 1. Left column: Temperature dependence of the effective magnetic
moment for the four studied compounds (reference data measured previ-
ously). Right column: Corresponding temperature dependence of the ratio
of second integrals y =lyiad/l one > Xtriad/Xone (iN @solute units) measured by
EPR. Red lines show the simulated functions y(T) in the low-temperature
region.

The magnetic susceptibility data (Figure 1, left column) show
different character of magnetic anomalies for each compound.
The main spin transitions (changes in uq from ca. 1.8t0 2.7 5
at T > 50 K) were studied in detail in our previous works.>
They are associated with the SS—~WS state conversion in spin
triads of nitroxide—copper(l1)—nitroxide, where the estimated
intracluster exchange couplings are |J| &~ 100—150 cm*in the
SS state and |J] < 20 cm™! in the WS state.*>*® Typically, at T
< 50K, al spin triads are aready in the SS state (ues ~ 1.8 ),
and the magnetic behavior at lower temperatures, which has
not been addressed so far, is governed by intercluster exchange
interactions. Two of the selected compounds,
CU(M&)QLBU'O.5C7H15 and Cu(ma:)zLBu'o.SCngg (Figure 1a,b),
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Figure 2. Representative EPR spectrum of Cu(hfac),LB-0.5CgH g at T =
20 K at Q-band (vmy = 33.58 GHz), single crystal, arbitrary orientation:
(@) first integral and (b) the original spectrum. The signals of the one-spin
unit >N—Cu—N< and the spin triad >N—"O—Cu—0O"—N< are indicated on
top.

display pronounced decreases in their magnetic susceptibility
starting at T < 50 K, which implies relatively strong intercluster
exchange interaction of about 10 cm™*. The two other com-
pounds, Cu(hfac),L™ and Cu(hfac),LB!-0.5CgH, (Figure 1c,d),
display nearly constant values of ues at T from 50 to 4 K, and
only at T < 4 K do they decrease, which implies relatively weak
intercluster exchange on the order of afew cm™. However, in
any case, the origin of this intercluster exchange interaction is
not clear. At temperatures below the main spin transition, the
polymer chain consists of two alternating types of paramagnetic
centers, both in the S= 1/2 spin state. Thefirst is the copper(I1)
ion in the CuO4N; unit, and the second is the spin triad in the
strongly coupled spin state in the CuOs unit. The decrease of
e @ low temperatures might arise from antiferromagnetic
coupling between neighboring centers of the same polymer
chain. Alternatively, it might originate from copper(I1)—copper(ll)
or triad—triad interactions between the polymer chains (or their
combination). Magnetic susceptibility data do not allow one to
distinguish between these possible exchange pathways, and exact
quantum chemical computation of this complicated system is
at the moment not feasible.

EPR is one of the key techniques to study exchange
interactions,® %% and EPR of breathing crystals has proved to
be very informative.*>~*® At low temperatures, the signal of spin
triads in the SS state (with g < 2) and the signal of one-spin
copper(I) ions (with g > 2) are spectrally well separated (Figure
2). It is well established that the second integral (1) over the
EPR spectrum of paramagnetic species is proportiona to its

(59) Bencini, A.; Gatteschi, D. EPR of Exchange Coupled Systems;
Springer-Verlag: Berlin, 1990.

(60) Gatteschi, D.; Barra, A. L.; Caneschi, A.; Cornia, A.; Sessoli, R,;
Sorace, L. Coord. Chem. Rev. 2006, 250, 1514-1529.

(61) Mclnnes, E. J. L. Sruct. Bonding 2006, 122, 69-102.

(62) Maekawa, K.; Shiomi, D.; Ise, T.; Sato, K.; Takui, T. J. Phys. Chem.
B 2005, 109, 3303-33009.

(63) Ueda, A.; Nishida, S.; Fukui, K.; Ise, T.; Shiomi, D.; Sato, K.; Takui,
T.; Nakasuji, K.; Morita, Y. Angew. Chem., Int. Ed. 2010, 49, 1678—
1682.

magnetic susceptibility, | o< y o< 12.5* Therefore, the ratio of
the second integral over the spectrum of spin triads (lyiag) tO
the second integral over the spectrum of one-spin copper(Il)
ionS (Ione)s ¥ =luiad/lone < Xtriad/Yones CaN be measured experi-
mentally. We have measured the ratio y as a function of
temperature for all four studied compounds (Figure 1, right
column). At high temperatures (T > 200 K), the signals of one-
and three-spin units begin to overlap due to the conversion of
the spin triad to the WS state and line broadening; therefore,
the y(T) dependence cannot be reliably measured. However, at
the lower temperatures of our primary interest, the results are
reliable and quantitative. Effects of saturation were ensured to
be absent at any temperature (see Supporting Information).

It is evident that the shapes of the y(T) curves essentialy
reproduce the corresponding shapes of u«(T) dependencies for
each compound (Figure 1). The decrease of y(T) at T<50K is
observed for breathing crystals Cu(hfac),LB-0.5C,Hs and
Cu(hfac),L B!+ 0.5CgH 5 (Figure 1a,b), meaning that the magnetic
susceptibility of spin triads decreases. This is unambiguous
spectroscopic proof that the intercluster antiferromagnetic
exchange responsible for the low-temperature magnetic behavior
of the whole compound occurs between spin triads. In contrast,
for breathing crystals Cu(hfac),L™ and Cu(hfac),LBY+0.5CgH 1o
(Figure 1c,d), no decrease of y(T) is observed down to 4 K
(the lower limit for our EPR temperature setup). This again is
in perfect agreement with the dependence of u«(T), where the
magnetic moment dropsat T < 4 K. Thus, in two opposite cases
of relatively strong and relatively weak intercluster exchange,
the shapes of the ue(T) and y(T) dependencies agree in the
low-temperature region 4 < T < 50 K, meaning that all observed
effects of intercluster antiferromagnetic exchange should be
attributed to the coupling between spin triads. Though this kind
of EPR experiment cannot be brought to a really quantitative
level due to the baseline distortions and slight overlap of the
line shoulders corresponding to the one- and three-spin units at
high temperatures, there is no doubt about the qualitative
conclusions drawn for the intercluster exchange coupling
pathways in breathing crystals.

Quantum chemical calculations support the experimental
conclusions drawn above. Table 1 shows that intercluster
exchange interactions between nitronyl nitroxides (Jr.r) for
breathing crystals Cu(hfac),L™ and Cu(hfac),L B!+ 0.5CgH o are
by afactor of 10 weaker than those for Cu(hfac),LB!0.5C;Ha¢
and Cu(hfac),L B!+ 0.5CgH;s. Thisis due to the different relative
orientations of interacting radicals. For compounds with a strong
intercluster exchange, the O and N atoms with significant
positive spin density are situated against each other, encouraging
the antiferromagnetic coupling (Figure 3a,b). For compounds
with a weak intercluster exchange (Cu(hfac),L™ and
Cu(hfac),L B+ 0.5CgH10), the atoms with high spin density (N
and O) of one radical are shifted from the corresponding atoms
of the partner (Figure 3c,d). Thus, athough the distance between
oxygen atoms in Cu(hfac),LB"-0.5CgHy is even shorter than
that in CU(hfaC)zLBU'O.5C7H16 and CU(hfaC)zLBU'O.SCngg, the
overlap of corresponding orbitals and interaction of unpaired
electrons is much lower. In addition, the O---O distance in the
case of Cu(hfac),L™ is much longer than in the other com-
pounds, giving the weakest antiferromagnetic interaction (Figure
3c, Table1). Thus, it is very significant that, in agreement with
experiment, the 10-fold difference in intercluster exchange is
found between two pairs of studied compounds.

(64) Poole, C. P. Electron Spin Resonance: A Comprehensive Treatise of
Experimental Techniques, Wiley: New York, 1983.
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Table 1. Pair Exchange Parameters (Jr.r) for the Nearest Nitronyl Nitroxide Radicals Belonging to Different Polymer Chains, Calculated by

the Spin-Unrestricted Broken-Symmetry Approach?®

JR.H/cm"
compound TK UBEO/SVP UBE0/6-31+G* UB3LYP/SVP UB3LYP/6-31+G* dO—0)/pm
Cu(hfac),LB-0.5C7H1s 120 —7.60 —9.02 —8.19 —9.74 392
Cu(hfac),LB-0.5CgH g 100 —7.57 —8.71 —8.32 —9.55 400
Cu(hfac),L™ 50 —0.04 —0.22 —0.04 —0.33 526
Cu(hfac),LB4-0.5CgH 0 60 —-1.32 —0.81 —-171 —0.94 330

2 The calculations were done for corresponding X-ray structures obtained at temperatures T. The values of d indicate the shortest distances O-+-O

(b)

between interacting radicals.

(c) ‘ (d)

sedhs © gime 20U

Figure 3. Spin-density distribution in the high-spin state of the nearest
nitronyl nitroxide radicas of  Cu(hfac),LB'-0.5C;Hs  (d),
CU(hfa:)zLBu'O.E)CgH]_s (b), Cu(hfa(:)zl_Pr (C), and CU(hfaC)zLBu'0.5CgH10
(d) from the UB3LY P/6-31+G(d) calculations (color code: blue, >0.005;
green, < —0.005). Hydrogen atoms are omitted.

(b)

(a)

Figure 4. Mulliken atomic spin densities of nitronyl nitroxide radical (a)
and a fragment of nitroxide—copper(I1)—nitroxide cluster (b), from UPBEO/
SVP calculations.

Aswas mentioned above, we used a simple model accounting
for pair exchange interactions only. At the sametime, it is clear
that spin-density distribution in the nitronyl nitroxide radical
included in the spin triad would differ from that in afreeradical,
as demonstrated in Figure 4. For example, the value of Mulliken
spin density on the uncoordinated oxygen atom is 0.46 in the
radical incorporated in the cluster and only 0.37 in afreeradical.
Consequently, using our model, we slightly underestimate the
exchange interactions between radicals incorporated in the
clusters. Note that the pronounced increase of spin density on
the end-standing NO groups of nitroxides incorporated in the
clusters agrees with recently reported results.®® Most probably,

(65) Vancoillie, S.; Rulisek, L.; Neese, F.; Pierloot, K. J. Phys. Chem. A
2009, 113, 6149-6157.
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it isthislocalization of spin density that favors the intercluster
exchange pathways between nitroxides of different polymer
chains.

The calculated values of Jr.r between nitroxides belonging
to different chains are very reasonable. The broken-symmetry
caculations at the B3LY P level usually overestimate the J values
by about a factor of 2.°57 Indeed, we can fit the low-
temperature  decrease of  y(T) dependencies for
Cu(hfac),LBY+0.5C;H;s and Cu(hfac),LB"+0.5CgH15 using the
value AEst = 2Jgg = —11 cm™ (Figure 1ab). In this
estimation, we modeled an infinite chain of coupled S = 1/2
spins by aring of eight spins S= 1/2, each interacting with its
two neighbors. It was shown previously that, a T > 0.5|Jrr|/k
~ 4 K, the susceptibility calculated in this way quickly
approaches the asymptote for the infinite number of spins.®®

The EPR spectrum of spin triads at T < 50 K does not show
any characteristics of the triplet-state spectrum that would arise
from exchange-coupled pairs of two spins S = 1/2 (Figure
2).59%9 |n fact, the spectrum of atriad at any temperature consists
of asingle EPR line, which implies exchange narrowing between
more than two spins. The hyperfine structure from copper nuclei
was never observed for spin triads, although it is nearly always
observed for copper(ll) ions in CuO4N, units with typical
splitting constant A, &~ 14 mT & 0.014 cm~.%®% |n the case
of interaction between spin triads, this allows for estimation of
[Jiad—triadl = Az =~ 0.014 cm™2, which, of course, agrees with
the obtained values of 1-10 cm™. In the case of interaction
between copper(l1) ions and spin triads, this leads to an estimate
of |Juiag-onel < Az =~ 0.014 cm™. Again, both of these
estimations support exchange coupling between triads and
magnetic isolation of one-spin units. Therefore, in agreement
with X-ray data, it is evident that spin triads form exchange-
coupled infinite chains that spread across the structural polymer
chains (Figure 5). Note that solvent molecules included in many
breathing crystals do not occupy positions between NO groups
of nitroxides belonging to different polymer chains but are
instead located between the layers in the 3D structure. Solvent
molecules strongly influence the character of magnetic anomaly
(Figure 1) but do not have a direct impact on the magnitude of
the intercluster exchange interaction.

As an outlook for future studies, we would like to mention
the following observation. It is well known in classical spin
crossover research that the abruptness of spin transitions is
governed by cooperative interactions.® Strong cooperativity leads
to abrupt transitions, whereas weak cooperativity results in
gradual transitions. It seems that, in breathing crystals, the

(66) Moreira, I. de P. R.; lllas, F. Phys. Chem. Chem. Phys. 2006, 8, 1645—
1659.

(67) Schwabe, T.; Grimme, S. Phys. Chem. Lett. 2010, 1, 1201-1204.

(68) Bonner, J. C.; Fischer, M. E. Phys. Rev. A 1964, 135, A640-A658.

(69) Sagdeev, R. Z.; Malin, Yu. N.; Sadikov, R. A.; Volodarsky, L. B.;
Kutikova, G. A. J. Magn. Reson. 1973, 9, 13-26.
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Figure 5. Structure of polymer chains and exchange interaction pathways
(highlighted in pink) in breathing crystals exemplified using
Cu(hfac),LB4+0.5C;H36. Legend: green, Cu; red, O; blue, N; black, C. Note
that, in the 3D structure, the solvent molecules (heptane) do not occupy
positions between NO groups of neighboring chains as it appears in the
picture.

abruptness of the WS<SS state transition correlates with the
low-temperature behavior (T < 50 K) that is related to the
intercluster exchange unveiled in thiswork. For example, Figure
1 demonstrates the cases of very (a) and moderately (b) abrupt
spin transitions, and for these compounds we have found strong
intercluster exchange of ca. 10 cm™! between spin triads of
neighboring chains. On the other hand, Figure 1c,d shows very
gradual WS<SS state transitions, and for these compounds
much weaker intercluster exchange (<1 cm™) is found. Un-
derstanding the exchange interaction pathways shown in Figure
5 gives sense to this magneto-structural correlation that seems
to be consistent with all our observations made so far*®=® but
must be addressed in more detail in the future.

Conclusions

In this paper we have studied the intercluster exchange
interactions in polymer-chain molecular magnets of the family

Cu(hfac),LR. A rather simple approach of selectively probing
the magnetic susceptibility using Q-band EPR allowed us to
obtain key information on the intercluster exchange coupling
pathways in these systems. We have reliably demonstrated that
breathing crystals Cu(hfac),LR are indeed 1D systems in the
sense of their exchange channels architecture. However,
contrary to previous assumptions, the magnetic chains do not
coincide with structural polymer chains but rather spread across
them.

Apart from being generally a very interesting example of
an unusual magneto-structural correlation, this finding is
crucial for building models and proposing mechanisms of
magnetic switching in breathing crystals. Unlike structural
polymer chains, magnetic chains consist solely of spin triads
of nitroxide—copper(l1)—nitroxide without alternation with
one-spin copper(ll) ions, which is vital for theoretical
consideration of spin-Peierls-like phenomena.”® "> We have
also found that the abruptness of spin transitionsin breathing
crystals correlates with the magnitude of intercluster ex-
change. This reveals the connection of interchain exchange
coupling between spin triads with the cooperativity and is
possibly an important step toward the target of designing
breathing crystals with desired character of magnetic anomalies.
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