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Spin-pair tunneling in Mn3 single-molecule magnet
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We report spin-pair tunneling observed in a Mn3 single-molecule magnet, which is a crystal with a two-
dimensional network of identical exchange coupling. We observe a series of extra quantum tunnelings by the ac
susceptibility measurements, and demonstrate that these are mainly thermally assisted tunnelings of a pair of two
spins from the same initial state to the same final state simultaneously. The resonant field of spin-pair tunneling
can be expressed as Hz = lD/gμ0μB + (n↓ − n↑)JS/2gμ0μB , and the splitting interval (|J |S/gμ0μB ) is half
that of the single-spin tunneling (2|J |S/gμ0μB ), which is analogous to the relationship between the magnetic
flux quantum in superconductors (h/2e) and common metals (h/e).
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As the counterpart of electron tunneling, spin tunneling in
single-molecule magnets (SMMs) manifested by the quantum
tunneling of magnetization (QTM) has recently attracted great
interest [1–4]. In a system of individual SMMs, molecules
are highly identical and magnetically independent of each
other [2,3], hence the spin tunneling of the molecules doses
not rely on its neighbors. Studies on dimer systems indicate
that intermolecular exchange coupling has a great impact
upon the observed QTM, where each part of the dimer
acts as a field bias on its neighbors, shifting the tunneling
resonances to new positions relative to the isolated molecules
[5]. Previous studies also proposed spin-spin cross relaxation
(SSCR) [6] and cotunneling [7], which provided complex
pictures for the tunneling mechanism of two spins. For the
SSCR [6], the tunnel transition reverses one of the two spins
while the other spin changes to an excited state. For the
cotunneling observed in LiY0.998Ho0.002F4 [7], the distance
and interaction between the two spins may change with
different cotunneling. Recent research discovered that for
SMMs with identical exchange coupling (IEC), the quantum
tunneling of a single spin splits equally and depends heavily
on its local spin environment (LSE) [8]. In this paper,
we report spin-pair tunneling (SPT) in a Mn3 SMM, with
SPT denoted as the tunneling of a pair of spins from the
same initial state to the same final state. The Mn3 SMM
is characteristic of a two-dimensional (2D) network with
identical exchange coupling, hence one spin could pair with
any of its neighboring spins to form an identical spin pair.
Spin pairs in a Mn3 SMM are analogous to Cooper pairs in
superconductors, e.g., within a spin pair, the two spins tunnel
together as a unit, which is observed as SPT. SPT is clearly
identified in the ac susceptibility curves of a Mn3 SMM, and
evidenced by an abnormally high effective barrier at zero field
as well.

A single crystal of a Mn3 SMM has the formula
[Mn3O(Et-sao)3(MeOH)3(ClO4)]. The preparation and crystal
characteristics of a Mn3 SMM have been reported earlier [8,9].
As described in Ref. [8], a Mn3 SMM is a crystal with a
2D network of exchange coupling, in which each molecule
is coupled with three neighboring molecules by hydrogen
bonds in an ab plane, forming a honeycomblike structure
viewed down along the c axis, therefore, the Mn3 SMM is
considered to be a crystal with IEC and is a model system of a

simple Ising model. Each molecule has a ground spin state of
S = 6 and a spin Hamiltonian of Ĥ = −DŜz

2 + gμ0μBŜzHz,
where D = 0.98 K and g = 2·06 [8,10]. Due to the identical
exchange coupling in a Mn3 SMM, the quantum tunneling is
equally split in the way of (n↓ − n↑)JS/gμ0μB , where n↓ and
n↑ represent the numbers of spin-down and spin-up molecules
neighboring to the tunneling molecule, and J = −0.041 K is
the intermolecular exchange coupling constant [8].

Below the blocking temperature, SMMs show slow mag-
netic relaxation as spin flipping becomes difficult due to
the high energy barrier, whereas SMMs show fast magnetic
relaxation at a resonant tunneling field because of the quantum
tunneling effect, which leads to steplike hysteresis loops [1–4].
Apart from dc susceptibility measurements, ac susceptibility
measurements are also considered a good way to define the
magnetic relaxation behavior in SMMs. Since the magnetic
relaxation time obviously decreases at the resonant tunneling
field, ac susceptibility demonstrates the peaks at resonant
tunneling fields [11].

The blocking temperature of a Mn3 SMM is estimated to be
3 K [8], hence we measured ac susceptibility at temperatures
above 3 K. Figure 1(a) shows the field dependence of ac
susceptibility at 7 K with a frequency of 9.99 kHz. The
measurement was performed in a Quantum Design physical
property measurement system (PPMS), employed with a 10 Oe
amplitude excitation field, and the single crystal was oriented
with the easy axis approximately parallel to the applied
magnetic field. A series of peaks and dips have been observed
in the χ ′ (real component) and χ ′′ (imaginary component)
curves, respectively. The field dependence of χ ′′/χ ′ is shown
in Fig. 1(b), which is considered a quantity proportional to
the relaxation times [12], with χ ′′/χ ′ clearly demonstrating
dips at the resonant fields. Apparently, in addition to the
quantum tunnelings numbered 1, 3, 5, 7, 9, 11, and 15, which
are due to the spin tunneling of a single Mn3 molecule in
different spin environments according to Ref. [8], four extra
quantum tunnelings numbered 0, 2, 6, and 10, and located at 0,
0.34, 1.08, 1.80 T, respectively, are observed. Figures 2 and 3
present the field dependences of ac susceptibility measured (on
another Mn3 sample) at several temperatures and frequencies,
which evidenced that the resonant fields are temperature
and frequency independent. Figure 2 demonstrates the field
dependence of ac susceptibility at different temperatures with
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FIG. 1. (Color online) (a) Field dependence of ac susceptibility
χ ′ (real component) and χ ′′ (imaginary component) from −0.3 to
3 T at 7 K, with a sweeping rate of 0.0005 T/s and frequency of
9.99 kHz. (b) Field dependence of χ ′/χ ′′ from −0.3 to 3 T. The
quantum tunnelings marked by the black and red dotted lines are
single-spin tunneling (SST) and spin-pair tunneling (SPT) in different
quantum tunneling sets, respectively [14]. Each observed tunneling
is a combination of degenerate ground-state tunneling and a series of
thermally assisted tunnelings.

a sweeping rate of 0.001 T/s and frequency of 9.99 kHz. It is
seen that the quantum resonances appear within a temperature
range of 4–8 K, and the positions of the quantum tunnelings are
temperature independent. Figure 3 shows the field dependence
of ac susceptibility at 7 K, with a sweeping rate of 0.001 T/s
and different frequencies. It is seen that the positions of
quantum tunnelings are frequency independent as well.

Distinctly, each of the extra quantum tunnelings mentioned
above happens to appear at the midpoint between its two
neighbor tunnelings. It is also noticeable that there is a quantum
tunneling taking place at zero field. It had been suspected
that a different type of isolated molecule might exist, which
contributes to the extra tunnelings. However, this conjecture is
dismissed, since the four-circle diffraction measurement shows
that the sample is a good single crystal, and Fig. 1 shows

FIG. 2. (Color online) (a) Field dependence of ac susceptibility
χ ′ (real component) from −0.3 to 3 T at different temperatures, with
a sweeping rate of 0.001 T/s and frequency of 9.99 kHz. (b) Field
dependence of ac susceptibility χ ′′ (imaginary component) from −0.3
to 3 T at different temperatures, with a sweeping rate of 0.001 T/s
and frequency of 9.99 kHz.

FIG. 3. (Color online) Field dependence of ac susceptibility χ ′

(real component) and χ ′′ (imaginary component) from −0.3 to 3 T at
7 K, with a sweeping rate of 0.001 T/s and different frequencies.
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FIG. 4. (Color online) Sketch maps of five spin configurations
with different LSEs (n↓,n↑) for a pair of molecules; other equivalent
spin configurations are not listed here for simplicity. The tunneling
pair in the blue ellipse is marked in black, which could occupy either
a spin-up or spin-down state simultaneously. Its four neighboring
molecules, marked as red and green, occupy the spin-down and spin-
up states, respectively. The direction of spin is perpendicular to the
honeycomb lattice of the Mn3 SMM. The black lines between the
molecules represent the exchange couplings.

that every resonant field of the extra tunnelings is located at
the midpoint between its two neighboring tunnelings. We will
demonstrate in the following that these extra tunnelings as well
as the tunneling occurring at zero field are spin-pair tunnelings
(SPTs), i.e., cotunneling of two spins from the same initial state
to the same final state simultaneously.

In a Mn3 SMM, a single molecule has three exchange-
coupled neighbors, hence, a pair of Mn3 molecules has four
exchange-coupled neighbors. Figure 4 demonstrates the five
local spin environments (LSEs) of a spin pair marked in black,
labeled as (n↓,n↑), as described in Ref. [8].

For SMMs with IEC, the spin Hamiltonian of each molecule
may be presented as

Ĥ = −DŜ2
z + gμ0μBŜzHz −

n∑

i=1

J ŜzŜiz + Ĥtrans, (1)

where n is the coordination number, Ŝz and Ŝiz are the easy-axis
spin operators of the molecule and its ith exchange-coupled
neighboring molecule, and Ĥtrans is the small off-diagonal
perturbation term including high-order trigonal and hexagonal

transverse operators [13], which allows the quantum tunneling
to occur. For the single-spin tunneling (SST) from |m〉 to
|−m − l〉 (l = 0,1,2,3, . . .), where m = −S, − (S − 1) . . . is
the quantum number of the tunneling spins, the resonant field
is determined by

Hz = lD/gμ0μB + (n↓ − n↑)JS/gμ0μB, (2)

hence the quantum tunneling from the |−6〉 to |6〉 spin state
is split into four, which occurs at 3JS/gμ0μB , JS/gμ0μB ,
−JS/gμ0μB , and −3JS/gμ0μB , respectively [8]. However,
for the SPT from |m,m〉 to |−m − l,−m − l〉, the resonant
field is determined by

Hz = lD/gμ0μB + (n↓ − n↑)JS/2gμ0μB, (3)

and hence the quantum tunneling from the |−6,−6〉 to |6,6〉
spin state is split into five, which occurs at 2JS/gμ0μB ,
JS/gμ0μB , 0, −JS/gμ0μB , and −2JS/gμ0μB , respec-
tively. Apparently, the splitting interval of SPT is |J |S/gμ0μB ,
which is half that of SST.

Figure 1 demonstrates all SSTs and SPTs in different
quantum tunneling sets [14], which are marked by black and
red dotted lines, respectively. Within a SST set, the LSEs
are (3,0), (2,1), (1,2), and (0,3) from the left to the right,
respectively, and within a SPT set, the LSEs are (4,0), (3,1),
(2,2), (1,3), and (0,4) from the left to the right, respectively.
As a matter of fact, each tunneling demonstrated in Fig. 1
is a combination of degenerate ground-state tunneling and a
series of thermally assisted tunnelings [1,15]. For example,
SST l = 0 is a combination of all the degenerate tunnelings
from |m〉 to |−m〉, and SPT l = 0 is a combination of all
the degenerate tunnelings from |m,m〉 to |−m,−m〉. Since the
axial anisotropy constant D = 0.98 K happens to be close to
4|J |S in a Mn3 SMM [8,10], there are overlapped quantum
tunnelings, for example, the quantum tunneling numbered 1 is
a combination of the SST from the |−6〉 to the |6〉 spin state
with LSE (1,2) and the SST from the |−6〉 to the |5〉 spin state
with LSE (3,0) and the SPT from the |−6,−6〉 to the |6,6〉 spin
state with LSE (1,3). With such a coincidence, the quantum
tunnelings are taking place at fields with equal intervals, just
as occurs in individual SMMs [1,4].

Of the overlapped tunnelings mentioned above, the contri-
butions of the component quantum tunnelings are different due
to the dependence of tunneling on the local spin environment
and the potential barrier. It is noticed that the extra quantum
tunnelings numbered with even numbers are purely SPT, while
the quantum tunnelings numbered with odd numbers are a
combination of SST and SPT. As reported in Ref. [8], the
tunneling magnitude T of SST is described as

T = αN(n↓,n↑)P|mi 〉→|mf 〉, (4)

where N(n↓,n↑) is the number of molecules with LSE (n↓,n↑),
and P|mi 〉→|mf 〉 is the tunneling probability of the molecule
from the spin state |mi〉 to |mf 〉, which is exponentially
dependent on the effective barrier at the thermally activated
tunneling region [11,16]. Note that Eq. (4) is applicable to
SPT with the following transformation,

T = αN(n↓,n↑)P|mi,mi 〉→|mf ,mf 〉, (5)

where N(n↓,n↑) is the number of spin pairs with the LSE
(n↓,n↑), and P|mi,mi 〉→|mf ,mf 〉 is determined by the aggre-
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gated effective barrier of two SSTs, which can be de-
duced from P|mi,mi 〉→|mf ,mf 〉 ∝ P 2

|mi 〉→|mf 〉 and P|mi 〉→|mf 〉 ∝
exp (−Ueff/kBT ). Apparently, the effective barrier of SPT is
doubled, and hence is much higher than that of SST. According
to Eqs. (4) and (5), the tunneling magnitudes of SST and SPT
are heavily dependent on the numbers of single spins and spin
pairs in the proper LSEs, respectively. At a high positive field,
most molecules occupy the |6〉 spin state, therefore SSTs with
LSE (0,3) are observable, such as the quantum tunnelings
numbered 7, 11, and 15 observed in Fig. 1. On the other hand,
only SPTs with LSE (0,4) are observed at high field, such
as the quantum tunnelings numbered 6 and 10 in Fig. 1, and
the expected quantum tunnelings numbered 4, 8, 12, 13, and
16 are not observed due to very small N(n↓,n↑), whereas the
absence of SPT numbered 14 is due to a small signal-to-noise
ratio.

As mentioned above, the effective barrier of SPT is doubled
when compared to that of SST; this suggests that the tunneling
probability of ground-state SPT is far less than that of SST,
which is evidenced by the absence of SPT steps in hysteresis
loops at low temperatures [8]. In the following, we demonstrate
that the extra quantum tunnelings observed at 7 K are mainly
thermally assisted SPT. Figure 5(a) shows the ac susceptibility
of Mn3 as a function of temperature with different frequencies
at zero field, which demonstrates typical characteristics of
SMMs: The dissipation peak in the χ ′′-T curve drops to a
lower temperature at a higher frequency [16–19]. Figure 5(b)
shows the fitting of the Arrhenius equation, which gives an
effective barrier of Ueff = 55D, in good agreement with the
result mentioned in Ref. [9]. It is remarkable that Ueff = 55D

is much larger than the anisotropy barrier 36D, whereas
Ueff is usually smaller than DS2

z in previous SMM studies
[11,16]. As mentioned above, the effective barrier of SPT is
supposed to be double that of SST, and since Ueff = 55D

happens to be close to double the energy gap (27D) between
|±6〉 and |±3〉, it is evident that SPT leads to the observed
tunneling at zero field, i.e., the spin relaxation at zero field
should be dominated by two concerted spin flippings, and
each flipping is of thermally assisted tunneling [11,16]. As
shown in the inset of Fig. 5(b), the spin pair is initially
thermally activated from the |−6,−6〉 state to the |−3,−3〉
state, next it tunnels to the |3,3〉 state, and it finally relaxes to
the |6,6〉 state. This suggests that the spin relaxation of the Mn3

SMM at high temperatures is dominated by thermally assisted
tunneling instead of ground-state tunneling. Note that quantum
tunneling takes place from the |−3,−3〉 to the |3,3〉 state in this
relaxation process instead of other excited state tunnelings,
which is consistent with the selection rule of C3 symmetry
in a Mn3 SMM, i.e., those quantum tunnelings which satisfy
| �ms |= 3n are more enhanced due to the high-order trigonal
and hexagonal transverse operators mentioned in Eq. (1)
[13,20]. However, thermally assisted spin-pair tunneling is
exponentially reduced when the temperature drops, and the
probability of ground-state spin-pair tunneling is rather low
due to the doubled barrier, leading to the absence of spin-pair
tunneling at low temperatures [8,9].

SPT in a Mn3 SMM is analogous to the tunneling of
superconducting Cooper pairs, i.e., the Josephson effect in
superconductors, in the sense of that the two spins of a spin pair
entangle to behave as a unit, while the pairing could be formed
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FIG. 5. (Color online) (a) Temperature dependence of ac suscep-
tibility at different frequencies. (b) Plot of ln(τ ) vs 1/T with data
obtained from ac susceptibility measurements, which gives τ0 =
3.7 × 10−8 s, Ueff/D = 55, where D = 0.98 K. The inset shows the
schematic drawing for the magnetic relaxation process within the
temperature range 4–5 K.

between a spin and any of its neighboring spins, rather than a
particular one. It is well known that both the net momentum and
spin of the Cooper pairs are zero regardless of the value of the
individual momentum and spin, which can be considered as a
source of the momentum and spin entanglement state [21,22].
Similarly, the net exchange energy of the spin pair is a constant
regardless of the individual exchange-energy distribution, for
example, the SPT at zero field requires the LSE of spin pairs to
be (2,2), which means the net exchange interaction between the
spin pair and its neighbors is equal to zero, nevertheless, there
are six equivalent neighboring spin distributions [Fig. 2(c)
only shows one of them]. Furthermore, the splitting interval of
SPT is |J |S/gμ0μB , according to Eq. (3), which is half that
of SST (2|J |S/gμ0μB), which is similar to the relationship
between the magnetic flux quantum in superconductors (h/2e)
and common metals (h/e). The similarities and differences
between SPT and the Josephson effect are shown in Table I. By
giving a comparison of the spin-pair tunneling and tunneling
of superconducting Cooper pairs, we hope to promote insight
into the search for universal behaviors of pair tunneling in
different systems and finding pair tunnelings in other systems.
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TABLE I. The similarities and differences between spin-pair tunneling and the Josephson effect.

Spin-pair tunneling Josephson effect

Tunneling unit Spin pair Cooper pair
Pairing partner Not fixed Not fixed
Internal state of pair Exchange-energy entanglement state Momentum and spin entanglement state
Invariant of pair Net exchange energy is a constant Both net momentum and net spin are zero
Tunneling variable Spin orientation of spin pair Position of Cooper pair
Relationship with single particle Splitting interval |J |S/gμ0μB is half Quantum flux h/2e is half

that of single-spin tunneling (2|J |S/gμ0μB ) that in common metals (h/e)

These unique features of spin-pair tunneling are attributed to
both the identical intermolecular exchange coupling and the
identical spin states of the two spins in one spin pair, which
should not be manifested in the spin-spin cross relaxation [6]
and cotunneling processes [7] mentioned above. Since all the
spin pairs in the SPT process are identical, the advantage of
using SPT over cotunneling is similar to that of using SMMs

over magnetic clusters for the study of quantum tunneling.
Therefore, SPT is worth special attention and may open up
new perspectives for quantum tunneling and inspire potential
applications of molecular magnets.

This work was supported by the National Key Basic
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