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ABSTRACT: The field-dependent magnetization and magnetization blocking in single-crystalline samples of radical-bridged
[Dy"™,] cubane units are studied by ab initio calculations, micro-superconducting quantum interference device, and electron
paramagnetic resonance. Because of the canted spin structure, a transverse method was applied to detect ferromagnetic and
antiferromagnetic projections, for which remarkably different hysteresis magnetization loops were observed and investigated.
Given 18 complexes in a unit cell of the crystal, a special ab initio-based approach has been developed to describe the magnetism
in this material. The application of this ab initio methodology reveals a remarkable correlation between the evolution of the
calculated magnetizations of each of the 18 molecules in the unit cell and the experimentally measured single-crystal hysteresis
loop structure. This affords a level of insight into the microscopic magnetic properties that is unprecedented for a spin system of
such complexity and highlights the profound influence that crystal-packing effects and molecular orientation can exert on the

bulk magnetic properties of molecule-based materials.

1. INTRODUCTION

Single-molecule magnets (SMMs) are molecular compounds
which possess an energy barrier to the magnetization reversal."”
As a result, they show slow relaxation of magnetization and
magnetic hysteresis loops at low temperatures. This makes
them promising candidates for utilization in high-density
storage devices, quantum computing, and spintronics.3_6 One
of the main condition for a molecule to perform as a good
SMM is the presence of magnetic ions with high anisotropy and
large magnetic moments.”® This requirement makes the
lanthanide ions ideal candidates for the design of SMMs.
Notably, compounds based on Dy, Tb™, Ho™, and Er™ ions
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have shown remarkably high barriers and large coercive fields in
=13 For the investigation of SMMs,
magnetization hysteresis loop measurements became routinely
used and are amongst the most frequently employed
techniques. Despite their frequent application, the theoretical
analysis of the observed magnetization-field dependence is
often lacking. Herein, we present a detailed ab initio study of
magnetic properties of a single-crystal with unit cells containing

the hysteresis loops.”
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18 radical-bridged dysprosium clusters with the formula
[Dy4(jiy OH), (BpyTz*),(OAC),(acac),-THE (1), BpyTz"
= radical anion of 3,6-bis(3,5-dimethylpyrazol-1-yl)-1,2,4,5-
tetrazine (Figure 1). The synthesis and description of the

(2)

(b)

Figure 1. Molecular structure of [Dy™,] cluster with omitted H atoms.
(a) Dashed lines show the orientation of the main magnetic axis in the
ground state of Dy™ ions, whereas the arrows show the orientation of
the corresponding magnetic moments in the ground exchange doublet.
(b) Blue dashed line shows the orientation of the main magnetic axis
in the ground exchange doublet, whereas the green line shows the
orientation of the main magnetic axis in the first excited exchange
doublet. Color scheme: Dy = pink, O = red, N = blue, and C = gray.

crystal structure will be published elsewhere; here, we report
the magnetization hysteresis loops and electron paramagnetic
resonance (EPR) measurements and their description and ab
initio-based interpretation within a dedicated approach. Given
the high structural and magnetic complexity of 1, the
microscopic rationalization of its properties is rather
unprecedented, keeping promises for successful investigation
of other complex magnetic molecular materials.

2. COMPUTATIONAL METHODOLOGY

Broken-symmetry calculations (BS-DFT) on the experimen-
tally determined structure have been carried out employing the
B3LYP functional and SVP basis set as implemented in the
ORCA 3.03 program.'* All ab initio calculations were done by
using Molcas 8.0 program package.'® Including all four Dy'!
ions in the active space is computationally impossible, that is
why the calculations were done on individual dysprosium
centers. Considering that the complex is too large to be
calculated by ab initio methods, we considered Dy fragments as
shown in Figure S4 by keeping the experimentally determined
positions of atoms and only omitting the atoms located far from
the corresponding Dy center. The neighboring Dy ions were
replaced with Lu". Atomic natural orbitals (ANOs) from the
Molcas ANO-RCC library were used for all atoms: ANO-RCC-
VTZP for Dy, nearest O and nearest N atoms, and bridging H
atoms and ANO-RCC-VDZ for the rest of the atoms. To save
disk space, the Cholesky decomposition threshold was set to 1
X 1078, The active space of the CASSCF calculation included
nine electrons spanned by seven 4f orbitals of Dy™ ion. The
obtained spin-free states were later mixed by spin—orbit
coupling within SO-RASSI program. Because of disk space
limitations, only 21 sextet, 128 quartet, and 130 doublet states
were included in the calculation. On the basis of the resulted
spin—orbital states, SINGLE_ANISO program was used for the
computation of local magnetic properties of Dy ions.'®
Having obtained the local properties of Dy centers, the
exchange interactions were considered within the Lines
model'” by using POLY ANISO program.'®

3. RESULTS AND DISCUSSION

Hysteresis loop measurements were carried out on single
crystals of 1 in the 0.03—5 K temperature regime using a
custom-built micro-superconducting quantum interference
device (SQUID) apparatus.”” The spins within 1 appear to
be canted with respect to one another, that is, tilted by some
angle from their internuclear axis, such that it is not possible to
apply the magnetic field along a global easy-axis. Using the
transverse-field method,”® we detected an average antiferro-
magnetic and ferromagnetic projection among the spins so as
to apply the field along these two directions. Thus, two sets of
hysteresis loops were collected (Figures 2 and S1). All of these
loops in general display steplike features, which are typical for
exchange-biased resonant quantum tunneling as a result of
antiferromagnetic interactions between the constituent mag-
netic centers. Complex 1 shows both temperature and sweep
rate-dependent hysteresis loops below approximately 1.6 K
(Figures 2 and S1), unambiguously confirming SMM behavior.
In particular, for the first step around zero field, a large coercive
field opens upon cooling. This behavior is typical of an SMM
with very slow zero-field relaxation, similar to previous
observations made in respect of some Dy''-containing
compounds.””** The relaxation time (7) of 1 was extracted
from decay measurements of the dc magnetization over the
temperature range of 1.3—0.03 K (Figures S2a and S$3a).”?
Because of the wide distribution of multiple relaxation
processes, a roughly linear fit performed in the thermal regime
to an Arrhenius equation gave the effective energy barrier U
and preexponential factor 7y: U,g/ky ~ 12.4 K (8.6 cm™") and
7o~ 1.3 X 107% s for the ferromagnetic projection (Figure S2b)
and U/ks ~ 9.8 K (6.8 cm™) and 7, & 2.7 X 107> s for the
antiferromagnetic projection (Figure S3b). The relaxation time
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Figure 2. Magnetization (M) vs field (H) hysteresis loops for a single
crystal of 1 at 0.03 K at the indicated sweep rates, where in (a) the
magnetic field is applied along the average ferromagnetic projection
and in (b) the field is applied along the average antiferromagnetic
projection (see the text for details). M is normalized to its saturation
values M,, at 1.4 K.

obtained here is relatively slow and at the lower end of the
experimental range typically seen in polymetallic Dy
compounds.”***

To prove the presence of radicals in 1, EPR spectroscopy
measurements were carried out on an isostructural compound
with Dy™ ions replaced by diamagnetic Lu™ ones, [Lu,(y;-
OH),(BpyTz*"),(OAc),(acac),] (2) (see Supporting Informa-
tion for details). Details of synthesis and X-ray structure of 2
will be reported elsewhere. The observed strong/narrow signal
in the EPR spectrum of 2 can clearly be attributed to a bulk
response (Figure S9), establishing the presence of unpaired
radical spins. A slight shift of the position of these signals with
the orientation of the applied field is attributed to a
combination of nonisotropic demagnetization in the non-
symmetric single-crystal sample and, potentially, to a weak
exchange anisotropy between radical spins (see below).
Attempts to observe a similar radical EPR signal in 1 were
unsuccessful, suggesting appreciable exchange coupling to Dy.
To get additional evidence for the presence of two radicals in 2,
the BS-DFT calculations have been done. These calculations
indeed show the existence of two well-separated radicals,
delocalized in N,C,N, tetrazine rings at the opposite sides of
the complex (Figure 3). Interestingly, for each radical, a large
domain of opposite magnetization is observed on the
corresponding C, group, which is due to the spin polarization
mechanism similar to the one discussed in ref 26. The BS-DFT
calculation also yields the value of the exchange coupling
constant, ] = 0.29 cm™' (employing Yamaguchi’s formula®’).
The small value of the exchange interaction between the
radicals is not surprising, given the large distance between
them.

To establish a microscopic understanding of the magnetic
properties of 1, the electronic structure of individual Dy ions in

(b)

Figure 3. Spin-density plots of high-spin calculation (a) and broken-
symmetry calculation (b) in 2 showing the existence of two radicals.
The blue color denotes domains with positive spin density, whereas
the green color denotes domains with negative one. Isovalue for the
spin-density surface was set to 0.002. Color scheme: Lu = green, O =
red, N = blue, C = gray, and H = white.

the [Dy",] cluster has been investigated. To this end, fragment
ab initio calculations of CASSCF/SO-RASSI/SINGLE_ANISO
level were performed within MOLCAS 8.0 program package.
Because 1 possesses a C, axis, it was sufficient to perform
calculations only on two symmetry-inequivalent Dy™ sites of
the [Dy™,] cubane (Figure S4).

The calculations show that the ground-state Kramers doublet
(KD) of the Dy™ ions is well-separated from the first excited
one (Table 1). Then, the exchange interaction will only involve
the ground-state KDs of each metal center. One can see that
the transversal g-factors (g, and gy) for the ground KDs are
much smaller than g, implying strong axiality in the ground
state of Dy"™ ions. We can therefore expect the magnetic
exchange between Dy ions to be close to the Ising type.”” The
orientation of main magnetic axes of Dy centers is shown in
Figure 1. Compared with previous studies on cubane systems
where parallel or antiparallel alignment of spins are discussed,”
our system shows a more involved alignment of local magnetic
moments.

To model the interaction of magnetic moments on Dy sites
and radicals, we take into account two circumstances. First,
given the weak interaction between the radicals, observed in the
density functional theory (DFT) calculations of 2, it will be
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Table 1. Energies of Eight Low-Lying KDs (cm™) at Two
Inequivalent Dy™ Centers in 1 and the g-Factors in Their
Ground and First Excited States

KD Dy“ Dy“
1 0 0
2 95 109
3 150 197
4 216 272
S 264 318
6 322 396
7 466 521
8 586 636
g-tensor of the ground and first excited KDs
1 & 0.00073 0.037
3 0.052 0.095
% 192 192
2 & 0.75 0.53
3 123 0.79
I 16.1 157

“Two symmetry inequivalent Dy ions.

further neglected in the exchange Hamiltonian for 1. On the
other hand, the shape of the spin-density distribution at radicals
(Figure 3) shows that their interaction with both neighboring
Dy ions can be considered equivalent in a good approximation.
Second, given the relatively high axiality in the ground KD of
Dy sites (Table 1), their exchange interaction can be well-
described within the Lines approximation.”'” The total
Hamiltonian for magnetic interaction includes both dipolar
and exchange interaction within the Lines approximation (see
Scheme 1)

A

Htot = Hdip + Hexch

Hexch = _]l(SDyl‘SDyz + SDyI'SDyS + §Dy2.§Dy4
+ SDy3'sDy4) - JZ(SDyl‘SDy4 + SDYZ-SDy3)
~ J;(Spy1:8ra + SpyaSra + Spya St + Spy-Sia)
(1)

where §Dy and S are spin operators of Dy" and radical
referring to the spin S = 5/2 of Dy™ ion and S = 1/2 of the

Scheme 1. Geometry of the Exchange Interactions in 1

radical. It is further treated using the POLY_ANISO program,
as described elsewhere."®

Dipolar interaction was calculated straightforwardly, using
the ab initio data for Dy sites (Table 1) and considering the
radical centered at the C, bond of the corresponding tetrazine
ring (Figure 3). The three exchange parameters in eq 1 were
determined by fitting the magnetic susceptibility. The best fit
yields J; = —0.005, J, = —0.025, and J; = —3.2 cm™" (Figure
SS). Because the Dy ions are strongly axial, g,, g < g (Table
1), the total magnetic interaction (exchange + dipolar) attains
an Ising form when projected on the ground KD of Dy sites,”
with the parameters given in the last column of Table 2

H= _Z ]i;'sisj

() ()

Table 2. Parameters of Magnetic Interactions (Dipolar and
Exchange) in 1 Entering eq 2

pair Jaip S J = Jaip + Jexch
Dyl-Dy2 ~2.56 —0.096 ~2.66
Dyl-Dy3 -0.92 —0.11 -1.03
Dyl-Dy4 ~2.85 -047 -332
Dyl-R2 —0.30 —15.26 —15.56
Dy3—Dy4 -217 —0.080 —2.25
Dy3—-R1 —0.27 —15.24 —15.51

where s; is either the pseudospin 1/2 of the corresponding Dy™
ion or the true spin 1/2 of the radical. ], parameters entering
Jin eq 2 are calculated from J; in eq 1 by rescaling the latter to
the pseudospin 1/2 of dysprosium ions and multiplying them
by cosine of the angle between the anisotropy axes of ij pairs.”’

To understand the origin of the blocking barrier in 1, we
used an earlier developed approach to outline the relaxation
path.*' The low-energy exchange levels are separated in Ising
doublets, for which the transversal g-factors are exactly zero by
virtue of Griffith’s theorem.”” Table 3 shows that quantum

Table 3. Energy of the Low-Lying Exchange States of 1 and
Main g-Factor of the Ground and First Excited Exchange
Doublets

energy (cm_l)
0 g =123
0.000000
3.483231
3.483231
7.920883
7.920887
7.920921
7.920926
8.127443
8.127447
8.127494
8.127497

g-factor

g = 684

tunneling of magnetization (QTM) within the ground and first
excited doublets is almost suppressed (these doublets are
practically degenerate). At the same time, the next excited state
is a quartet (Figure 4), whose quasidegeneracy can give rise to a
tunneling of magnetization. The tunneling splitting within the
doublets 3 and 4 (4 X 107 cm™) and between them (4 X 107>
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Figure 4. Low-lying exchange spectrum and magnetization blocking barrier in 1. Each exchange level is placed according to the projection of its
magnetic moment on the main magnetic axis of the ground exchange doublet. The exchange levels with the same number are the two components of
the corresponding exchange doublet. The numbers accompanying the blue arrows are the average magnetic moment matrix element (in p) between
the corresponding components, whereas A, shows the intrinsic tunneling gap within the doublets. The green dashed line shows the position of the
magnetization blocking barrier. The relative orientation of the local magnetic moments for one of the two components of each doublet state is

shown schematically on the right side.

cm™') is significantly larger than that in the ground state
(Figure 4). This is easily understood by the fact that the
tunneling process requires the reversal of the two Dy momenta
in the former and of all momenta in the latter case. Although
the intrinsic tunneling gaps in the excited quartet are
remarkably small, the induced tunneling gap via transversal
internal magnetic field is 1 order of magnitude larger. Indeed,
for a magnetic moment matrix element between 3+ and 4F of
0.014 py (Figure 4) in a typical internal field of several tens of
mT (originating from neighbor molecules with large magnetic
moments, Table 3), the Zeeman tunneling splitting between
these states is expected to amount several 10™* cm™. This will
give the main contribution to the tunneling relaxation rate
between 4—, 3— and 4+, 3+ states. Besides, the transversal
Zeeman interaction will contribute to the direct relaxation
process via the states 2+ (Figure 4). On the other hand, the
matrix elements of magnetic moment between the doublets 1,
2, 3, and 4 to the doublets 5 and 6 are negligible (~107* y3).
This explains why the highest states involved in the relaxation
path are +3 and +4, as outlined by the blue arrows in Figure 4.

Remarkably, the energy of this excited quartet, 7.9 cm™
matches well with the experimentally extracted barrier 8.6 cm™.
At temperatures higher than this barrier, the dominant
relaxation process will correspond to magnetization reversal
on individual dysprosium ions, which is expected to be fast,
given the relatively large transversal g, components of the g-
tensor in the ground KDs of the Dy ions, ranging as 0.05—0.1
(Table 1). The fast QTM on the Dy sites is the reason for the
suppression of magnetization blocking at temperatures of
several kelvin (Figure S1). The ultimate reason for the
observation of magnetization blocking at low temperatures in
1 is the lack of magnetic frustration in the ground state,
resulting in a well-separated ground doublet (Table 3). This is
similar to the situation encountered in a series of Dy,Sc;_ N@
Cgy compounds, where the tridysprosium complex featured
worse SMM behavior than the didysprosium one because of the
magnetic frustration in the ground state.””

On the basis of the calculated exchange states, we next
investigate the equilibrium single-crystal magnetization of 1
(such magnetization curves would pass through the middle of
magnetic hysteresis loops in Figure 2). To this end, for each
direction of the applied field, one should sum up the M(H)
contributions from 18 complexes in a unit cell having different
orientations in the crystal (calculated orientations in Cartesian
coordinates are given in Tables SS and S6). This means that for
a reference molecule, for which the ab initio calculations have
been done, one should make calculations of M(H) for magnetic
fields rotated from the applied one by angles corresponding to
the relative orientation of molecules respective to the reference
one. Note that for all molecules, we consider only the
projection of their magnetic moment on the direction of the
applied field. However, in the attempt to compare the
calculated results with the measured magnetization, we face
the problem that the direction of the applied field, with respect
to the crystallographic axes, corresponding to ferromagnetic
and antiferromagnetic projection (Figure 2a,b, respectively) is
unknown. Therefore, we first need to find these projections
from our calculations.

Given that these projections have never been extracted
theoretically, we describe the methodology in more details here.
The definition of ferromagnetic and antiferromagnetic
projection is given in Figure Sab, respectively. It is only
applied to noncollinear spin patterns, which is the case of our
complex 1 (Figure 1). For the ferromagnetic projection, the
magnetic moment changes steplike from —M to M when
crossing the point H = 0. For the antiferromagnetic projection,
with the increase of magnetic field, the moment first jumps
from —M to 0; then, it remains at zero value in some interval of
fields determined by the strength of magnetic interaction
between the spins; finally, it jumps to the value M. These
distinct behaviors of magnetization are clearly seen in Figure 2.
It is clear, therefore, that the theoretical determination of
ferromagnetic and antiferromagnetic projections should be
based on the search of directions of the applied field
corresponding to minimal and maximal magnetization at field
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Figure S. Ferromagnetic (a) and antiferromagnetic (b) projections of
a system of two noncollinear spins. The dashed green lines denote the
exchange interaction between spins (J), whereas the vertical dashed
red lines are the values of the applied field (H) at which the
magnetization changes by jump.

values not exceeding the limits of the field interval
corresponding to low/zero magnetization in the antiferromag-
netic projection (Figure 2b).

Given the complexity of the determination of the extremal
values of the total momentum for 18 arbitrarily oriented
complexes, we simplified the approach by considering only the
ground and the first excited exchange doublets of the
complexes. This limitation is justified by the large g-factor of
the first excited doublet (Table 3) and relatively low value of
applied field not exceeding 0.4 T (the boundary of the low-M
domain in the antiferromagnetic projection, Figure 2b). With
the knowledge of the main values of the g-tensor of the ground
and first excited exchange doublets (Table 3) and the
corresponding orientation of the main anisotropy axes (Figure
1b, Tables SS and S6), we can calculate the magnetization by
the Gibbs formula

-0 = g T
%, g &, ¢
M,(H, T) = Z S
r I,m € (3)

where r numbers the molecules (r = 1, ..., 18), [ denotes the
ground and excited doublets, m is the projection of the

pseudospin (m = i%), g is the Bohr magneton, g is the

-0

main component of g-tensor of state /, e, is the orientation of

r
N

the main magnetic axis (Figure 1b, Tables S5 and $6), & is the

~0

orientation of the applied field, E,;,, = ﬂBgz(l)me, -£,H, and H
is the magnitude of the applied field. We set the temperature to
0.03 K, the magnitude of the applied field to 0.4 T, and varied
the direction of the field till the maximum and minimum values
of the magnetization of the unit cell. The obtained directions

N

are the following: & = {0.703711, 0.703787, — 0.097336}
and &, = {—0.659561, 0.177849, 0.730308} (Figure 6a).
The relative angle between them is of 66° (see Figure 6). The
evolution of the lowest two exchange doublets with H for each
of the 18 molecules for these two directions of the applied field
is shown in Figures S7 and S8. We can see that in different
molecules, the crossing of the Zeeman levels occurs at different
field strengths, which is the result of their differing relative
orientations with respect to the applied field. Because of the
larger magnetization in the excited exchange doublets of certain
molecules, we expect to see a jump in their field-dependent
magnetization curves. Figure 6b,c shows the calculated M(H)
for the directions corresponding to the calculated ferromagnetic
and antiferromagnetic projections. The calculated jumps of the
magnetization reveal a remarkable agreement with the steplike
features of the experimentally measured magnetization loops
(compare Figures 2 and 6).

4. CONCLUSIONS

In conclusion, we have investigated by means of ab initio
calculations, the experimentally observed steplike features in
the hysteresis loops of a radical-bridged [Dy",] complex,
within a single-crystal containing 18 molecules in the unit cell.
The arrangement of magnetic moments in this complex is
found to be strongly noncollinear. The theoretically calculated

a) b)
z (c)

x(a)

c)
. .  — 1.0 . —
M = minimum M =maximum [
| 0.5 P
; s |
| E 0.0, J
— |
-0.5
-1.0—
-5 -1.0 -05 00 05 1.0 1.5 -5 -1.0 -05 0.0 0.5 1.0 1.5
HIT H[T

Figure 6. (a) Schematic representation of the monoclinic cell of 1. g, b, and ¢ are the crystallographic axes and x, y, and z are the Cartesian axes used
in this work. The direction of the applied field corresponding to the maximum/minimum magnetization is shown by the orange/magenta arrow; (b)
calculated total magnetization of 18 molecules from the unit cell of 1 at 0.03 K vs applied field, in the direction corresponding to the minimum of
magnetization at 0.4 T; and (c) the same as (b) for the direction of the field corresponding to the maximum of magnetization at 0.4 T (see the text

for details).
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barrier of relaxation of magnetization is of exchange type, the
height being in a remarkable agreement with the extracted one
from the magnetization decay measurements. For a unit cell
containing 18 arbitrarily oriented molecules, we managed to
theoretically find the ferromagnetic and antiferromagnetic
projections and succeeded to reproduce the basic steplike
features observed in hysteresis loop measurements. Thus,
combining ab initio methodologies with accurate magnetization
measuring techniques, the present study affords a level of
insight into the microscopic magnetic properties that is
unprecedented for a spin structure of such complexity. The
obtained results open the way for the investigation of the
profound influence that crystal-packing effects and molecular
orientation can exert on the bulk magnetic properties of
molecule-based materials.
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