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Scaling magnets down to where quantum size effects become prominent triggers quantum tunneling
of magnetization (QTM), profoundly influencing magnetization dynamics. Measuring magnetization
switching in an Fe atomic chain under a carefully tuned transverse magnetic field, we observe
a nonmonotonic variation of magnetization lifetimes around a level crossing, known as the diabolic
point (DP). Near DPs, local environment effects causing QTM are efficiently suppressed, enhancing
lifetimes by three orders of magnitude. Adjusting interatomic interactions further facilitates multiple
DPs. Our Letter provides a deeper understanding of quantum dynamics near DPs and enhances our
ability to engineer a quantum magnet.

DOI: 10.1103/PhysRevLett.133.166703

In quantum mechanical systems, unusual dynamic
processes occur when energy levels approach and mix
with each other. In a two-parameter space, the degeneracy
between orthogonal states creates a level crossing of
energy surfaces (Fig. 1(a)), the shape of which reminds
of the toy, diabolo, and thus is dubbed a diabolic point
(DP) [1]. This DP has attracted significant attention in
quantum magnets [2], which are characterized by two
metastable magnetization states separated by an energy
barrier [3,4]. In the vicinity of the DP, quantum tunneling
of magnetization (QTM) between these states is sup-
pressed due to destructive interference among separate
tunneling paths [5–7]. While the importance of DPs has
been shown from ensembles of molecular magnets [2,8,9]
and in quantum dot systems [10], precise control of local
environments as a control knob of DPs has remained
elusive.

Manipulation of magnetic atoms with a scanning tun-
neling microscope (STM) allows for the assembly of
prototypical quantum magnets with controllable energy
barriers ranging from 100 μeV to 100 meV [11–13].
The lifetime of magnetization states in these magnets
can be determined by monitoring the spin-polarized current
through one of the magnet’s atoms over time [14].
When the magnetic anisotropy barrier exceeds the
thermal energy, the lifetime is dominated by through-
the-barrier transitions, i.e., QTM, resulting from hybridi-
zation between quantum states on either side of the
barrier. While various systems have been studied with
different degrees of spin state hybridization [14] and spin-
spin interactions [14,15], it remains challenging to vary
individual parameters due to the discrete nature of bind-
ing sites on surfaces. Instead, a more effective control
knob for QTM may be achieved by exploiting the physics
of a DP, where the hybridization of the quantum states
is expected to quench, allowing, at least in principle,
arbitrarily long lifetimes.
In this Letter, we demonstrate the manifestation of DPs

through the spin dynamics of nanomagnets by assembling
Fe atoms into chains on Cu2N=Cuð100Þ using an STM
operating at ∼1.3 K [16]. Precisely adjusting chain length
and interatomic spacing enables us to tailor the spin-spin
interactions and thereby to engineer DPs in a controlled
manner (see Supplemental Material Note 1 and reference
[17] therein). When tuning the direction and strength
of the external magnetic field near a DP, we observed
a significant increase of magnetization lifetimes, with
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enhancement of up to 3 orders of magnitude. We provide
a comprehensive picture of the quantum state composi-
tion near the DP, offering a rational strategy to control the
spin dynamics of quantum magnets.
To model a chain of N Fe atoms on Cu sites of Cu2N, we

consider a spin Hamiltonian that includes the Zeeman
energy, the uniaxial and transverse magnetic anisotropy
terms for each atom, as well as the Heisenberg exchange
interaction between neighboring atoms [14,18–20]:

H ¼
XN

i

½giμBBtot
i · Si þDiS2i;z þ EiðS2i;x − S2i;yÞ�

þ
XN−1

i

JiSi · Siþ1: ð1Þ

For an Fe atom on site i, Btot
i ¼ Bþ Btip

i is the total
magnetic field composed of external and tip fields, μB the
Bohr magneton, and Si the spin operator with a magnitude
of Si ¼ 2. Note that we allow for subtle variations in the
values of the g factor gi, anisotropy parameters Di and Ei,
and exchange interaction strength Ji between atoms in the
chain, since these parameters might vary due to subtle
changes in the local strain in the underlying Cu2N layer,
as evidenced by variations of Hamiltonian parameters
throughout the literature (see Supplemental Material
Note 2 [21] and references [22–31] therein). The easy-
axis z is oriented along the in-plane Cu─N bonds [11]; we
define the x and y axes as the remaining in-plane direction
and the out-of-plane direction, respectively [Fig. 1(b)].
Since the chain is not perfectly aligned with the external
magnetic field in the experiment, the angle α is used to
decompose the magnetic field into both transverse (Bx) and
longitudinal (Bz) components.
We investigate the DPs as a function of the transverse

magnetic field, Bx. Solving the spin Hamiltonian [Eq. (1)]
for a single Fe atom (N ¼ 1) gives the analytical solution
for the Bx;n fields where the DPs appear [32,33]:

Bx;n ¼
n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2EðE −DÞp

gμB
: ð2Þ

Here, n is the diabolic point index that ranges from 2S − 1
to 1 − 2S in double-integer steps. To estimate the location
of DPs, we use Hamiltonian parameters which have been
obtained from previous works, see Supplemental Material
Note 2 [21]. For a single Fe atom at the Cu site, the lowest
positive magnetic field DP (n ¼ 1) is expected at
Bx;1 ≈ 9.5 T. A second DP (n ¼ 3) can be reached at even
larger values of Bx. As depicted in Fig. 1(a), when
Bx ¼ Bx;1 and Bz ¼ 0, an energy level crossing occurs
between the two lowest-lying eigenstates, ψ0 and ψ1. When
a small Bz is applied, sweeping Bx results in an avoided
level crossing, as shown by the surface cut in Fig. 1(a).

Diabolic points in atomic chains of length N > 1 with
jJ=Dj≲ 1 can be understood in a similar fashion, although
there are nowN DPs for each DP index, leading to a total of
2NSDPs. Now, the spin-spin interaction between the atoms
can be used as a control knob for the location of DPs as a
function of Bx. By adjusting the number of atoms in the
chain and their interaction, we are able to precisely
determine the magnetic field values at which DPs are

(a)

(c)

(d)

(b)

FIG. 1. Diabolic points in Fe atomic chains on Cu2N. (a) Energy
levels for the two lowest-lying states of a single Fe atom (orange
for the ground state ψ0 and pink for the first-excited state ψ1) with
a diabolic point at the crossing. Thick lines show a cut of the
energy surfaces, indicating the corresponding energies of the two
states at a finite Bz outlined by the dashed rectangle. Note that the
scale for the z component of the magnetic field is 1 order lower
than that of the x component. (b) Constant-current STM image of
an antiferromagnetic Fe5 chain (VDC ¼ 100 mV, I ¼ 10 pA,
B ¼ 2 T, T ¼ 1.3 K). Atoms are labeled in Roman numerals
(I–V). Schematics shows Fe atoms (white circles) on top of Cu2N
lattice. The intersections of grid lines correspond to the nitrogen
atom position in Cu2N. Magnetic field directions are tilted by the
angle α ≈ 0.2° with respect to the crystal axis. (c) Schematic
overview of state composition for ψ0 and ψ1 of Fe5 along a
similar cut as in panel a. (d) Current traces taken for atom III in
the Fe5 chain at different magnetic fields around the DP, located
at 4.1 T, as indicated in the schematics above (VDC ¼ 3 mV,
I ∼ 10 pA, T ¼ 1.3 K).
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expected to occur (see Supplemental Material Note 3 [21]
and references [34,35] therein).
The magnetic fields needed to identify a DP in a single

Fe atom are beyond the available transverse magnetic field
(6 T) of our instrument [11,33]. However, for longer chains,
the DP eventually becomes accessible within the range of
our experimental capabilities. Our initial calculations using
Eq. (1) predicted a DP for an antiferromagnetically coupled
Fe5 chain [Fig. 1(b)] at Bx;1 ∼ 4 T (see Supplemental
Material Note 3 [21]), which guided our magnetization
lifetime measurements.
Figure 1(c) schematically shows the energy levels of the

two lowest-lying states (ψ0 and ψ1) in the antiferomagnetic
Fe5 chain as a function of transverse magnetic field. For
Bx ≪ Bx;1, these two states are mainly composed of Néel
states, denoted as NA ¼ f−2;þ2;−2;þ2;−2g and NB ¼
fþ2;−2;þ2;−2;þ2g (expressed in the Sz basis), with
subtle contributions from other spin states. Owing to the
presence of a finite longitudinal component of the field and
N being an odd number, the ground state ψ0 has a larger
contribution from NA (> 98%) compared to NB, while the
opposite holds for ψ1. The finite contributions of both NA
and NB in these two states demonstrate that the Néel states
are hybridized, enabling QTM between them. In ψ0, the
contributions of NA and NB are symmetric, whereas in ψ1

they are antisymmetric. Around Bx ¼ Bx;1, the two states
undergo an avoided level crossing, beyond which their
symmetry is inverted. At the DP, the contribution of the
minority Néel state vanishes, significantly enhancing the
purity of ψ0 and ψ1 as mainly composed of NA and NB,
respectively, thereby suppressing QTM.
Using spin-polarized STM, we investigate the influence

of DPs on the magnetization of Fe atomic chains by
capturing the time-dependent magnetization switching of
the Fe chain at different Bx. By positioning the tip above
one of the Fe atoms in the chain, we observe telegraph
noise in the current signals, arising from the magnetization
switching between the two lowest-lying states of the chain
[Fig. 1(d)]. The specific spin polarization of the tip, and
which atom in the chain is being probed, determines the
current value characteristic for NA and NB. Note that the
magnetization of the STM tip may not be fully aligned with
the external magnetic field direction [36–38], which enables
the detection of the longitudinal component of the chain
magnetization as a function of the transverse magnetic field.
For Bx ≪ Bx;1, we detect rapid, yet clearly distinguishable
switching events between two distinct current values. As Bx
approaches the DP, the switching rate markedly decreases, to
gradually increase again beyond the DP.
To quantitatively investigate the evolution of spin

dynamics around the DPs, we extract the values of
magnetization lifetimes from a current trace as demon-
strated in Fig. 2(a). Shown are the lifetimes τA and τB,
representing the duration between consecutive switches in

(a)

(d)

(e)

(b)

FIG. 2. Lifetime of magnetization states of antiferromagnetic
Fe5 chains at different magnetic fields. (a) A current trace
obtained at a constant tip height on atom III of the Fe5 chain
near the diabolic point (Bx ≈ 4 T). The magnetoresistive tunnel
current recorded with a spin-polarized tip reveals switching
between two magnetization states of the chain, dominated by
NA (red) and NB (blue), respectively. The data was shifted by
about 8 pA to center the middle values around zero, mitigating
background fluctuations caused by drift. (b),(c) Histograms of
lifetimes τA and τB, as defined in (a), with a fit to an exponential
function to determine lifetimes TA and TB, respectively.
(d) Average lifetimes Tavg measured for atoms I, II, and III
of an antiferromagnetic Fe5 chain at different Bx. Different
colors of data points correspond to the results obtained from
different atoms, see diagram. The corresponding longitudinal
component Bz is approximately 0.35% of the transverse
magnetic field, due to a small angle (α ≈ 0.2°) between the
external magnetic field and the crystal axes. The error bars
represent 1 standard deviation of the fitting error. The lifetimes
and scattering intensities, calculated using master rate equa-
tions, are given in the purple dashed and black solid lines,
respectively, assuming T ¼ 3 K for better agreement with the
experimental results (see Table S2 [21] for further details).
Background color and diagrams indicate the quanta of Sx in the
ground state: zero before the diabolic point and one after
the diabolic point, with the diabolic point at Bx;1 ≈ 4.1 T.
(e) Lifetime obtained similar to (d), but for a magnetic field
applied along the longitudinal axis, Bz. The simulation was
conducted at 1.3 K. Measurement conditions: VDC ¼ 3 mV,
I ¼ 10 pA, T ¼ 1.3 K.
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eigenstates dominated by NA and NB, respectively. By
collecting sufficiently long traces, we obtain histograms for
τA [Fig. 2(b)] and τB [Fig. 2(c)], enabling us to extract
characteristic lifetimes TA and TB, respectively [14].
Finally, we define Tavg ¼ ðT−1

A þ T−1
B Þ−1 as the average

lifetime of the magnetization states. The extracted Tavg for
atoms I–III of the antiferromagnetic Fe5 chain are shown as
a function of the transverse magnetic field in Fig. 2(d),
showing a pronounced peak at Bx ¼ 4.1 T spanning two
orders of magnitude. As we will demonstrate below, we can
associate this field value to the first DP of the chain Bx;1.
This DP coincides with a minimum in the scattering
amplitude, shown by the black solid line in Fig. 2(d)
and defined as

P
a¼x;y;z jhψ0jSa;ijψ1ij2, which is an indi-

cation of the hybridization between ψ0 and ψ1.
Note that, in Figs. 2(b) and 2(c), the characteristic

lifetimes TA and TB are comparable, indicating negligibly
small energy differences between the two states. However,
the presence of a small longitudinal field induces an
avoided level crossing rather than a level crossing
(see Supplemental Material Notes 4 and 7 for further
details [21]), due to the extreme sensitivity of the DP to
longitudinal magnetic fields. This results in a finite width of
the peak in the lifetime, enabling us to measure the DP.
This observed trend occurs for all atoms of the chain
and is robust to various experimental parameters (see
Supplemental Material Note 5 [21]).
The dashed line in Fig. 2(d) represents a simulation of the

lifetime measurements of the chain based on master rate
equations (see Supplemental Material Note 3 [21]). In our
simulation, we did not account for the effects of the x
component of the tip field on the lifetime curves, as evi-
denced by the current dependence of the DPs, where the
overall shape of the lifetime curves near the DPs remains
intact at different tip fields (see Supplemental Material Note
10 [21] and reference [39] therein). Neither the simulations
nor the measurements show a peak reaching infinity, owing
to minute contributions of states other than NA and NB. The
experimental data show slightly lower lifetimes than the
simulation, especially close to the DP. We attribute this
deviation to accidental high-energy electrons caused by
voltage noise, leading to over-the-barrier excitations.
Until now we have described the situation in terms of

the Sz basis. However, for interpretation purposes, it is
insightful to consider the situation in terms of the Sx basis.
For Bx < 4.1 T, the expectation value of Sx in the ground
state approaches zero, indicated by the white background
and the diagram on the left side of Fig. 2(d). The first
excited state contains a single quantum of Sx (i.e.,
jhSxij ¼ 1). Past the DP, i.e., the avoided level crossing,
the states are inverted, transferring the finite Sx magneti-
zation to the ground state, as indicated by the green color
and the diagram on the right side of Fig. 2(d). Note that the
ground state now consists of a superposition of five spin
states, each having the quantum of Sx on a different atom.

We also demonstrate that the increase of lifetime through
the DP emerges only for this specific orientation of the
magnetic field with respect to the quantization axis. When
the magnetic field is swept along the easy axis of the
antiferromagnetic Fe5 chain, no peak in the lifetime is
observed, see Fig. 2(e). Within the range of available
magnetic fields of Bz (up to ∼6 T), there is no energy
level crossing. The lifetime slightly increases at higher Bz
due to a decrease in scattering intensity. This behavior is
strictly monotonic and arises from an increasing imbalance
in the Néel state contributions in each eigenstate, as
indicated by the lifetime imbalances between them
(Supplemental Material Note 11 [21]).
The finite energy difference between the two lowest

energy states at the avoided level crossing is responsible for
the width of the observed peak in Fig. 2(d) and therefore
limits the efficiency of increasing magnetization lifetimes.
The energy difference at the DP emerges as a consequence
of Zeeman energy, resulting from a small angle α between
the quantization axis of the Fe atoms with respect to the
applied magnetic field. This suggests that in order to achieve
a sharper peak, one must achieve a null magnetic field
along Bz. This is practically impossible, as α will inevitably
be nonzero in our experimental setup. An alternative
approach would be to make use of even-length antiferro-
magnetic chains, where both Néel states have equal energy,
irrespective of Bz. In line with this idea, Fig. 3(a) shows
magnetization lifetimes measured on an Fe6 chain, where a
sharper peak than on the Fe5 chain is observed.
The lifetime of the Fe6 chain increases by nearly 3 orders

of magnitude at the DP, which appears at a lower magnetic
field compared to the Fe5 chain. The overall lifetime has
also increased, as larger chains are inherently more stable
[14]. Despite the expected absence of Zeeman splitting
between the two lowest-lying states of the antiferromag-
netic Fe6 chain, the observed peak shows a finite width,
indicating broken symmetry between the Néel states. Our
analysis (see Supplemental Material Note 6 [21])
suggests that the primary reason of this asymmetry is
variations in the g factors of the atoms in the chain. The
difference in g factors results in an energy discrepancy of
approximately 50 μeV at Bx ≈ 6 T, favoring one Néel state
at higher magnetic fields.
It is noteworthy that this considerable enhancement

of lifetime near the DP is only apparent when the
magnetization lifetime is primarily determined by the
QTM. Once the over-the-barrier transitions become fre-
quent, the magnetization anomaly diminishes, and we
only observe a subtle change in lifetime, as shown by the
bias dependence of the lifetime curves (see Supplemental
Material Note 9 [21]).
Antiferromagnetic Fe atom chains showed one DP in the

transverse magnetic field ranging from 0 to 6 T. However,
adjusting magnetic interactions between atoms in the chain
through atom manipulation gives us the possibility to change
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the location and spacing of DPs. Our simulations indicate
that a ferromagnetic Fe5 chain (J < 0) is the most likely
candidate where multiple DPs can be observed, given the
magnetic field range of our experimental setup. In this case,
the chain tends to behave as a macrospin with a large total
spin. When the coupling is sufficiently strong, this leads to
NS positive DPs all equally spaced across the transverse
magnetic field. The highest-field DP corresponds to the Bx;3

value of a single Fe, while the lowest-field DP occurs at
Bx;3=ð2NS−1Þ. Consequently, the DPs for ferromagnetic
chains occur at lower magnetic field values.
We built a ferromagnetic Fe5 chain by placing the 5

atoms diagonally with respect to the easy axis, see inset
of Fig. 3(b), leading to J ¼ −0.7 meV [15]. Figure 3(b)
shows that this chain exhibits two distinct peaks in lifetimes
as a function of Bx within our operation range; one at 2.5 T
and one at 5.0 T. The second DP is associated with

delocalized states where two different atoms in the chain
gain a quantum of Sx (i.e., jhSxij ¼ 1 → 2). Hence, this
may be associated with two-magnon states [40,41].
The simulation results, see the dashed line in Fig. 3(b),

qualitatively reproduce the experimental observations but
fail to reproduce the exact positions of the DPs. While the
scattering intensity does still contain two clearly distin-
guishable peaks, both the measured and simulated lifetime
curves show comparably shallow peaks. We believe that
this is due to the overlapping of the two lifetime peaks
as well as a larger Zeeman energy associated with the
ferromagnetic coupling. The larger energy not only broad-
ens the peaks but also decreases the energy difference
between ψ1 and higher energy states, resulting in more
over-the-barrier transitions.
Our Letter presents a comprehensive approach, combin-

ing experimental and theoretical methods, to elucidate the
physics of magnetization stability of individual atomic spin
chains near a DP. We have demonstrated that the switching
rate between the two lowest energy levels can be precisely
controlled through tailored transverse magnetic fields,
which suppresses quantum tunneling of magnetization.
This suppression emerges as a consequence of dehybrid-
ization of the lowest lying spin states near an avoided level
crossing, which, in the case of Fe chains on Cu2N, results in
strong enhancement of lifetimes up to 3 orders of
magnitude.
While effects of DPs have been observed previously in

single molecule magnets [2,8,9] through ensemble mea-
surements, we showed that DPs in quantum magnets can be
manipulated and rationally designed by tailoring the
interaction of individual atomic spins on surfaces. The
composite nature of atomic spin chains provides the
possibility to understand the topology of DPs, with differ-
ent predicted behavior for ferromagnetic and antiferromag-
netic chains, and a crucial role of parity predicted in the
latter case.
The dramatic enhancement of the lifetime provides an

interesting avenue into spintronics [20,42] and applications
of coherent spin dynamics [43,44]. The extreme sensitivity
of magnetization lifetimes of a quantum magnet near a DP
could be exploited for precise sensing of local and external
magnetic fields at the atomic scale. This sensitivity near
DPs can also be used to determine parameters of spin
Hamiltonians, such as magnetic anisotropy and g factors,
with exquisite precision, leading to further understanding
of magnetic material in various applications [45–47].
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