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Controlling spin behavior via external stimuli is a key
route to develop molecular spintronics devices.
Photons, temperature, pressure, chemicals, and elec-
tric field are the possible stimuli. Herein, we report a
new method, the isotope effect, to control spin be-
havior in molecule magnet systems. It can not only
control the relaxation of magnetization, but also
regulate the spin lifetime of quantum coherence. In
this regard, we found a couple of low-spin Co(ll)
complexes, {[CoL]J(CHzCN)}[BPh,4]>-CHzCN (1-H; Dg
L = 1,5-bis(2pyridylmethyl)-1,5-diazacyclooctane) D“j‘c‘*n
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and its deuterated analog {[CoL](CDzCN)}
[BPh,],-CDzCN (1-D), exhibiting the rare ON/OFF <
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switching of double spin relaxation behaviors in mag- Pat /\f’\
netic relaxation as well as the regulation of spin N——

lifetime in quantum coherence at low temperatures.
We discuss the mechanisms underlying the forma-
tion and the relevance of intramoleculer vibration
modes, which give the direct experimental evidence
of spin-intramolecular vibration coupling, and also  Keywords: molecule-based magnetism, molecular

provide new guidance for the ultrafast and electrical qubits, isotope effect, spin-vibration coupling, quan-
control of spin behaviors. tum coherence
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Introduction

Single-molecule magnets (SMMs)' and molecule-based
spin quantum bits (qubits)?® are promising candidates
for the development of nanospintronic* and quantum
computing,® which may bring opportunities for the
second quantum revolution. The spin-relaxation times T;
and T, are the crucial factors to evaluate the performance
of SMMs and qubits in applications.® One of the key issues
is to better understand the mechanism of 7;and 75 in the
spin relaxation of magnetic systems. This may take place
due to the internal nuclear spin fluctuations,” the spin
flip-flop processes®” molecular symmetry,? spin-
phonon coupling,®" and so forth. Among them, the first
three are fully studied, but the connotation of spin-
phonon coupling is not clear enough as of now.

In general, phonons are generated by periodic lattice
vibrations or intramolecular vibrations. Recently, there
has been a noticeable trend of using theoretical models
to explain how phonons lead to relaxations in SMMs and
qubits.”*™>"7"2° Guo et al.”’ have reported that [(Cp™*)Dy
(CpH]* displays open magnetic hysteresis up to 80 K.
From their theoretical calculations, they deduced that
the magnetic relaxation was promoted by the displace-
ments primarily involving the Cp™™™® rings. In some groups,

far-infrared (IR) spectroscopy,®®* Raman spectro-
scopy,” and inelastic neutron scattering’®?® with an exter-
nal magnetic field were also used to study the
spin-phonon couplings in 3d- and 4f-based mononuclear
SMMs. For example, Moseley et al.”® studied the spin-
phonon couplings in [Co(acac),(H>0),] and its deuterat-
ed analogs with Raman, IR spectroscopies, and inelastic
neutron scattering. This work revealed the existence of
spin-phonon couplings in some typical transition-metal
complexes. As a result, controlling the phonon seems to
be a good way to manipulate spin behavior. However,
direct evidence of spin-intramolecular vibration coupling
through the ac susceptibility or spin decoherence time,
for instance, is still lacking.

To obtain direct evidence of spin-intramolecular vibra-
tion coupling, the magnetic system should have the same
magnetic energy levels and different vibrational energy
levels, which is a challenge in chemical synthesis. H/D
isotopic labeling does not directly affect the electronic
structure of the material and is often used in organic
reactions to study the reaction mechanism due to the
fact that the mass induced the smaller zero point energy
(ZPE) of X-D bond than X-H bond (X is other ele-
ments).?*?* Due to the same size of H and D atom, the
H/D isotope effect could not change the crystal lattice,
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Figure 1. | The spin dynamic properties tuned through H/D isotopic displacement in complex 1. (a and b). The structures
of complexes 1-H and 1-D. (c) Frequency dependence of out-of-phase (xn") ac susceptibilities under 0.6 kOe dc field at
1.8 K for 1-H and 1-D. (d) Temperature dependence of spin decoherence times (T5) for 1-H and 1-D.
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but it brings different intramolecular vibration modes
(phonon), which provides an excellent opportunity to
study the spin-intramolecular vibration coupling in spin
dynamics.

Recently, we found a couple of low-spin Co(l)
complexes (Figures la and 1b),*® {[CoL]J(CHzCN)}
[BPh4],-CHzCN (1-H) and its deuterated analog {[ColL]
(CD3CN)}MBPh4],-CD3CN  (1-D), exhibiting the rare
ON/OFF switching of double spin relaxation behaviors
in magnetic relaxation (Figure 1c) as well as the regula-
tion of spin lifetime (Figure 1d) at low temperatures
through the H/D isotope effect. Compared with T; of
Dy(ll)-based SMMs,? or with T, of V=0 and Cu(ll)-based
complexes qubits,®®?”2 our work does not seem exciting,
but this research provides the first experimental evidence
that the spin dynamics are closely related to specific
vibration modes. It further provides new guidance on
how to control spin behavior through ultrafast lasers and
electric fields.

Experimental Methods

All reagents were commercially available from Innochem
Company (Beijing, China) and were used without further
purification. Ligand L, complexes 1-H, 1-D, Zn(ll)-analogs
(2-H and 2-D), and doping 1-H and 1-D were obtained
following the reported methods in the literature
(Supporting Information Scheme S1).2° The experimental
details about X-ray crystallography, magnetic character-
ization, Terahertz (THz) spectroscopy analysis, and the-
oretical calculation are available in the Supporting
Information.

Preparation of {{CoL]J(CHzCN)}
[BPh,4]>,-CHzCN

To a solution of L (0.0532 g, 0.179 mmol) in CHzCN
(3 mL) was added [Co(H,0)s](ClO4), (0.0632 g,
0.173 mmol) as a solid, yielding a purple solution. The
solution was stirred for several minutes, and then a solu-
tion of NaBPh,4 (0.352 g,1.03 mmol) in CHzOH (3 mL) was
added. A light purple microcrystalline solid immediately
precipitates. This solid was collected by vacuum filtra-
tion, washed with copious amounts of CHzOH and then
Et,O, and dried under air: 0.15 g. Recrystallization from
hot CHzCN provided crystals of 1-H suitable for X-ray
crystallography. Anal. Calcd for C;0H70B>CoNg: C, 78.14;
H, 6.56; N, 7.81. Found: C, 77.97; H, 6.48; N, 7.68.

Preparation of {[CoL](CDzCN)}
[BPh,],-CDzCN

To a solution of L (0.0532 g, 0.179 mmol) in CD3zCN
(3 mL) was added [Co(H50)](ClO4), (0.0632 g,
0.173 mmol) as a solid, yielding a purple solution. The
solution was stirred for several minutes, and then a
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solution of NaBPh,4 (0.352 g, 1.03 mmol) in CHzOH (3 mL)
was added. A light purple microcrystalline solid immedi-
ately precipitates. This solid was collected by vacuum
filtration, washed with copious amounts of CHzOH and
then Et,0O, and dried under air: 0.135 g. Recrystallization
from hot CD3CN provided crystals of 1-D suitable for
X-ray crystallography. Anal. Calcd for C;oHg4DgB>CoNg:
C,77.71;H, 7.08; N, 7.77. Found: C, 77.80; H, 7.10; N, 7.81.

Preparation of {{ZnL]J(CHzCN)}
[BPh,]>-CHzCN

The above experiment is the same as 1-H, except that [Zn
(H50)61(ClO4), replaces [Co(H,0)1(ClO4)». Anal. Calcd
for C,oH70B2ZnNg: C, 77.68; H, 6.52; N, 7.76. Found: C,
77.67; H, 6.38; N, 7.92.

Preparation of {[ZnL](CDzCN)}
[BPh,]>-CDzCN

The above experiment is the same as 1-D, except that [Zn
(H>0)61(ClO4), replaces [Co(H,0)1(ClO4),. Anal. Calcd
for C;0He4DeB2ZNNg: C, 77.25; H, 7.04; N, 7.72. Found:
C, 77.60; H, 7.11; N, 7.83.

Complexes 1T-H and 1'-D were obtained by recrystalli-
zation with 5% molar Co: 95% molar Zn in acetonitrile and
5% molar Co: 95% molar Zn in acetonitrile-d3. The dilu-
tion ratios were confirmed by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) analyses as
5+ 1%.

Results and Discussions

The two complexes are isostructural (Supporting
Information Figure S1 and Table S1), so we will only
describe the structure of 1-H here. The single-crystal
X-ray diffraction analysis reveals that the lattice of 1-H
belongs to the orthorhombic space group Pbca. Each
asymmetric unit consists of one Co(ll) ion, one ligand L,
one coordinated acetonitrile molecule, one free acetoni-
trile molecule, and two [BPh,4]™ anions (Figure 1a). The Co
(I1) ion is in a distorted tetragonal pyramidal geometry
coordinated by four nitrogen atoms from the ligands L
and one nitrogen atom from acetonitrile. Among them,
N1, N2, N3, and N4 are located on the equatorial plane,
and N5 occupies the axial position. The Co-N bond dis-
tances range from 1.9450(17) to 2.0773(19) A, which are
comparable with the lengths in other analogous com-
plexes.” The packing pattern is displayed in Supporting
Information Figure S2. The Co(ll)-containing moiety is
surrounded by the [BPh4]™ anions. The Co---Co distances
range from 12.215 to 13.324 A. Complex 1-H further forms
a supramolecular network through van der Waals forces.
Complexes 1-H and 1-D are isostructural with only a slight
difference in the angles of N-Co-N (Supporting
Information Table S2), which can be attributed to the
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different vibrational effects caused by changing -CHs to
-CD3z on the acetonitrile ligand.

The variable-temperature and variable-frequency al-
ternating current (ac) magnetic susceptibilities of 1-H
and 1-D were carried out with polycrystal samples under
low temperature. They revealed no out-of-phase signals
for 1-H and 1-D without an external direct-current (dc)
field. When a small external dc field (>0.2 kOe) is applied,
a peak was observed in the frequency-dependent yv” at
2.0 K (Supporting Information Figure S3). The similar
slow relaxation behavior was also observed in V(IV)-
based complexes, which were dominated by the Raman
mechanism or the spin-phonon bottleneck, rather than
the double-phonon Orbach relaxation mechanism.?**°
The relaxation time was investigated in a different mag-
netic field (0-0.5 T) at 2.0 K. Surprisingly, there are two
relaxation processes for 1-H, while only one process for
1-D in the dc field range of 0.5-1.0 kOe (Figure 2c).
According to our references,®® in the spin-phonon-bot-
tleneck-dominated relaxation process, the relaxation
time, =, is proportional to the crystal size. Hence, the
variable-frequency ac magnetic susceptibility of ground
samples was measured at 2 K with a different external dc
field in the same way (Supporting Information Figure S4).
The peaks shifted to high frequency, indicating a faster
relaxation. This is a typical characterization of spin-
phonon bottleneck. However, two relaxation processes
for 1-H, and only one process for 1-D in the dc field range
of 0.5-1.0 kOe could still be observed (Supporting
Information Figure S5), suggesting that the phenomenon
stemmed from the intrinsic properties of molecules, rath-
er than the spin-phonon bottleneck. Generally, the spin
relaxation is dominated by the spin-nuclear and
spin-spin interactions at low fields.”” However, the
spin-nuclear interaction from the H and D was too weak
to make such difference in relaxations, due to the long
distance between Co(ll) ion and H or D in acetonitrile
(more than 4.8 A). It should be noted that all the relaxa-
tion processes (direct, Raman, and Orbach processes)
except quantum tunneling of magnetization (QTM) are

supported by phonons. Thus, the different relaxation
behavior observed in 0.5-1.0 kOe can be attributed to
the phonons. It is expected that the phonons take part in
the relaxation processes with different frequencies for
the two complexes.

To get deeper insights on the relaxation mechanism,
we measured the ac magnetic susceptibilities of 1-H and
1-D under 0.4, 0.6, and 2.0 kOe external dc fields
(Figures 2a and 2b and Supporting Information Figures
S6-S8).The in-phase and out-of-phase signals for 1-H and
1-D showed a slight difference in 0.4 and 2 kOe dc fields,
but showed the completely different relaxation patterns
under the 0.6 kOe field. The linearity of the In(t) versus T
plots (Supporting Information Figure S9) was fitted by
Arrhenius law t = 1o exp(Uss/kgT). The best-fitted para-
meters are summarized in Supporting Information
Tables S3 and S4. Interestingly, all the to were in the
107° s order of magnitude, which is in agreement with the
lack of electronic states providing a path for the Orbach
mechanism."*?7° With the absence of the Orbach mech-
anism, the thermal dependence of the relaxation time ()
has been modeled assuming a direct process dominating
at low temperatures and a Raman-like process dominat-
ing at high temperatures (eq 1):

' =aT+bT" M

where a is the coefficient of the direct process, and b and
n are the coefficients of the Raman-like process, respec-
tively. The values of these coefficients only show slight
differences, which are within the margin of error
(Supporting Information Tables S3 and S4). The para-
meter n is closed to 3, which is consistent with a system
with a strong spin-phonon bottleneck./*'#%7:30323% \When
fitting the fast process (area B in Figure 2a) of 1-H at
0.6 kOe, a QTM process should be considered because of
the short temperature-independent relaxation times at
low temperatures. This phenomenon would stem from
the energy overlap between the unpaired electron and
the low-energy barrier vibrations®?* or the methyl
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Figure 2 | (a and b) Frequency dependence of out-of-phase (yn") ac susceptibilities under 0.6 kOe dc field at indicated
temperatures for 1-H and 1-D, respectively. (c) The isothermal (T = 2 K) relaxation time (1) extracted from the ac
susceptibility measurements for polycrystalline samples of 1-H and 1-D at different dc fields.
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tunneling rotations®* at the given magnetic field. Further-
more, the slow process (area A in Figure 2a) of 1-H was
totally different from that of 1-D in the same situation,
which can only be explained by the intramolecular
spin-phonon coupling due only to the difference of H
and D in 1-H and 1-D.

Interestingly, the extracted energy barriers are ca.
20 cm™ with the Arrhenius law, which is in line with the
typical energies of low-energy vibration modes.***® The
vibrations distributed on the molecular periphery can
largely admix with lattice vibrations. Room temperature
time-domain THz spectra were performed in the range of
0.15-1.6 THz (5-55 cm™) for complexes 1-H and 2-D as
shown in Supporting Information Figure S10. In the range
of 5-20 cm™, peaks at 6.2, 1.7, and 14.6 cm™ for 1-D
greatly deviated to 1-H (12.2 and 15.7 cm™), which can
be attributed to the H and D difference in ligand aceto-
nitrile. From the ab initio calculation,®” the single electron
of Co(ll) ion is occupied in the d,. orbital (Supporting
Information Figure S13), and the electron density widely
spreads to the C=N of ligand acetonitrile. As a result, the
vibration energies of ligand acetonitrile and the coordi-
nated Co-N bond would be influenced by the deuteration
considering the ideal vibration energy function of
v= 2”\1/m (p is reduced mass, and p = (M x mMmy)/
(my +'my), mp > my, then py < pp). Assuming the relation
Ustr = hoa/2 works in this system,’®2°%23 the magnetic

analysis indicates that the phonons involved in the relax-
ation mechanism should have a frequency of 26.1 cm™
(0.4 kOe), 11.74 and 11.94 cm™ (0.6 kOe), and 41.2 cm™
(2.0 kOe) for 1-H, and 26.6 cm™ (0.4 kOe), 30.2 cm™
(0.6 kOe), and 39.8 cm™ (2.0 kOe) for 1-D, respectively
(Supporting Information Figure S10), which are in agree-
ment with the spectroscopic observations. In a word, in
this spin 1/2 system, the phonons from the intramolecular
vibration modes played crucial roles in the slow magne-
tization relaxation.

Continuous wave (cw) and pulsed electron paramag-
netic resonance (EPR) measurements were performed
on a 240 GHz EPR spectrometer at the National High
Magnetic Field Laboratory(Tallahassee, FL).>*®* The
cw-EPR spectra for powder samples of both 1-H and
1-D contained three resonance absorption peaks at ca.
7.1, 7.6, and 8.4 T (Supporting Information Figure S11).
Fitting the spectrum resulted in the g-factors of
gx = 2408, g, = 2.244(1), and g, = 2.028(1) and the
hyperfine constants of A, =A, =10(1) MHz and A, =83(3)
MHz for both samples,* which were in line with the calcu-
lated results (g, = 2.550, g, = 2.285, and g, = 1.983) by
complete active space self-consistent field wave func-
tions complemented by N-electron valence second order
perturbation theory (CASSCF/NEVPT2).*” The tempera-
ture dependence of quantum coherence time (75) of 1-H
and 1-D was collected using a standard Hahn echo
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Figure 3 | (3, b), @', and b’) Echo signals as a function of 2z at different temperatures and 240 GHz for 1-H, 1-D, 1'-H, and
7'-D, respectively. (¢ and ¢') Temperature dependence of 1/T. The solid lines are the simulations with the spin bath

decoherence model.
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sequence (n/2-t-n-t-echo)’® in a nonresonating sample
holder, with the magnetic field along the x-axes
(Figures 3a and 3b). T, was measured in the temperature
range of 1.64-2.04 K (1-H) and 1.68-2.02 K (1-D), respec-
tively. In the temperature range, the T, exhibited a strong
temperature dependence and decrease from 1.13to 0.2 ps
(1-H) and 1.21 to 0.2 ps (1-D), respectively (Figure 3c).

The strong temperature dependence of T, suggested
that the main decoherence mechanism at higher tem-
peratures is due to the dipolar-dipolar interaction in the
electron spin bath. In this system, there were only two
levels, ms = =1/2 and ms = +1/2. At the high field of
717 + 0.02 T, single spin flips were highly suppressed,
and the spin bath fluctuations were dominated by
energy-conserving spin flip-flop processes.®” For a
guantitative analysis, the temperature dependence of
1/T, is fitted by a spin bath decoherence model,'*"20:°

1 C

1. r 2
T~ (+eTelT)(lreTolT) 1 @)

where C is a temperature-independent parameter, Tz
the temperature corresponding to Zeeman energy,
and TIes the residual relaxation rate due to the
temperature-independent decoherence source. Tz, is
obtained as 25.6 K for 1-H and 18.4 K for 1-D, which were
close to the Zeeman energy of 11.5 K (240 GHz), strongly
supporting the decoherence mechanism caused by the
Co spin bath fluctuation. The resulting residual relaxation
rate Ies was 0.45 ps™ for 1-H and 0.41 ps™ K for 1-D,
corresponding to T, ~ 2 ps. This residual decoherence is
mainly due to the hyperfine coupling of *°Co (100%
natural abundance), and represents the decoherence
time expected for a highly diluted sample.

To further investigate the intrinsic sources of spin
decoherence, the T, times of doped materials 1-H and
1-D with diamagnetic Zn(l) ions (Co:Zn = 5:95 mole
ratio) were measured in the temperature range of 1.73-
2.70 K (I'-H) and 1.69-4.00 K (1'-D) (Figures 3a’ and 3b’).
The T, times also exhibited strong temperature depen-
dence and decrease from 2.16 to 0.8 ps (1'-H) and 2.66 to
0.28 ps (1'-D) (Figure 3c’). Equation. 2 was also used to
express the temperature dependence of 1/7, with Tz, set
to the Zeeman energy of 11.5 K (240 GHZz). Very good
fittings were obtained, indicating that the spin bath
decoherence model described the decoherence mecha-
nism of 1'=H for 1-D very well. The resulting residual rela-
xation rate I'tes was 0.24 ps™ for 1-H and 0.38 ps™ K for
1'-D, corresponding to T, ~ 4 and 3 ps, respectively, in the
same order as the undoped samples. The doped materi-
als 7-H and 1'-D were also studied on the (pulsed) X-band
EPR equipment (Supporting Information Figure S12).
Fitting the cw-EPR spectrum results in the g-factors of
gx = 2.408(), g, = 2.244(1), and g, = 2.028(1) and the
hyperfine constants of A, = A, =10(1) MHz and A, = 83(3)
MHz for both samples showed good agreement with
the high-field EPR spectrum. No obvious hyperfine
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interaction between the nuclear spins of N atoms and
the electron spin of Co ions was observed. However, no
spin echo signals were detected for both samples even at
4.0 K, indicating that the spin lifetime was too short to
measure. Generally, the 7, time is longer under a high
magnetic field, because the single spin flips are highly
suppressed by the magnetic field. Now, the T, of 1-D was
only 0.28 ps at 4 K under a 7.188 T high magnetic field,
which is easily quenched by active spin flips under the
low magnetic field (~0.3 T).*°

It is very interesting to discuss why the 7, of 1-D is
longer than that of 1-H at low temperatures. Since the I'yes
values were very close for the two complexes, the differ-
ence of decoherence time is highly likely to originate
from the temperature-dependent source, which contains
the spin-spin dipolar interaction, spin-solvent electro-
static interaction, spin-nuclear interaction, and spin-
vibration interaction (see Supporting Information
Equation S2). After an in-depth analysis (see Part Four
in Supporting Information), we concluded that the
spin-vibration interaction was the main source of the
difference in spin decoherence time at low temperatures.
The vibration energies of ligand acetonitrile and the
coordinated Co-N bond in 1-D were larger than 1-H.
Furthermore, the deuterated methyl groups underwent
tunneling at a much lower frequency than protiated
methyl.*! As a result, the rotational and vibrational barrier
was lower for 1-H, which led to the faster decoherence
that we observed. Since replacing the C-H with C-D bond
largely influenced the spin-phonon interactions of stud-
ied molecules, we conclude that spin-phonon (vibration
and rotation) coupling at low temperatures is the
dominant decoherence mechanism for above studied
complexes.

Recently, Zadrozny et al.*? reported an atomic clock
qubit, a low-spin Co(ll) ion located in a rigid porphyrin
ligand ([CoTPP]), showing that 7, increases with the
decrease in temperature, from 1.96(1) ps at 15 K to
13.74(9) ps at 5 K. Both the T, and temperature were
predominant compared with our complexes. According
to our calculations, the electronic structure is similar and
the single electron is also occupied in the d,. orbital.
However, no ligand was located in the d,. orbital, avoid-
ing the vibration which accelerates the spin decoherence.
Furthermore, Xu et al.*® reported a similar structural
low-spin Co(ll) qubit with high symmetry (Cap), demon-
strating spin echo in the temperature range from 5 to
25 K. And the spin life at 5 K can reach 900 ns, which is
much longer than our complexes. This suggests that the
symmetry of molecular structure plays an important role
in quantum coherence.”? Above all, using high symmetry
and rigid ligands is an effective strategy to lengthen a
spin-spin relaxation time.

To prove that the difference in electron structure be-
tween 1-H and 1-D is negligible, we conduct a
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Figure 4 | Spatial distribution of the Co spin state. The
arrow in the upper panel indicates the position of the
shown orbital in the spin density of states.

computational study of the electronic structure of the
two complexes. In Figure 4, we plot the spatial distribu-
tion of the spin state of Co by using the first-principles
calculation with Cambridge Sequential Total Energy
Package (CASTEP).** We can see that the Co spin state
is extended to cover CH3z or CD3 groups, but the spin
state is still limited with a certain boundary local to the
clusters. The replacement of H with D can affect the
decoherence rate of the Co spins from two aspects: (1)
The H nuclear spins (/ = 1/2), which can contribute to the
spin bath for decoherence of the Co spins, are replaced
with D nuclear spins (/ = 1). (2) The frequencies of vibra-
tions involving the replaced atoms are lowered due to the
larger mass of deuterium nuclei. Thus, in the spin bath
model, we should consider (1) the change of the nuclear
spins when replacing H with D; (2) the change of the
fluctuations of the spin bath due to the different vibration
frequencies. The fluctuations of the spin bath are also
influenced by the vibrations of CHz or CDz groups, which
can continuously disturb the magnetic interactions be-
tween the Co spins and the H or D nuclear spins (the
hyperfine interactions), since H or D nuclei are at the
boundaries of the Co spin state. By taking all the factors
above into consideration, the spin bath model can be
rewritten as /T, = It + I'> + s, Where I'y and I, are
contributions from mechanisms (a) and (b), and I, is
the contribution from all other sources. Here, I'’,¢s is not
changed by replacing H with D, but it may be tempera-
ture dependent. Since the nuclear spinis /=1/2 for H and
/ =1for D, we have
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I =C1Pms— 1/2Pm5=1/2 for 1-H

and

2= C2(Pms=-1Pms=01Pms=1Pms =0+Pms=-1Pms=1) for 1-D,

where P, = exp(—ems/kgT)/Z:mé exp(—em;/keT) is the
probability of the nuclear spin being in state ms. Since
the spin level gap (the Zeeman energy) is about 0.006 K
for Hand 0.002 K for D, which are much smaller than the
investigated temperature range (1-4 K), I is almost
temperature independent. On the other hand, since the
fluctuations caused by the vibrations are proportional to
the intensity of the related phonons, we have I', = D/
[exp(hv/kgT)-1], where v is the frequency of phonons.
Because hv/kg is in the range of 10-100 K, I, will exhibit
an evident increase as the temperature increases.

Conclusions

We studied two low-spin Co(ll) complexes showing the
slow magnetic relaxation and quantum coherence at low
temperatures. The ac magnetometry indicated that the
slow magnetic relaxation mechanism was closely related
to the intramolecular vibration/rotation, namely the
spin-phonon coupling. High-frequency pulsed EPR stud-
ies showed that spin-spin relaxation times of deuterated
samples were longer than protiated samples at low tem-
peratures. With the distinct spin dynamics behaviors of
the two complexes, and supported by theoretical calcu-
lation results, we have provided an experimental case
proving that the intramolecular vibrations and rotations
play key roles in the spin dynamics of qubits. A rigid
ligand environment would increase the energy of
vibration modes, which can reduce the spin-phonon
coupling and prolong the spin relaxation times. As we
all know optical and electric fields can resonantly excite
special vibration modes, and our research provides new
guidance for ultrafast and electrical control of spin
behavior.
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