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We investigate the spin relaxation of Ho single atom magnets on MgO=Agð100Þ as a function of
temperature and magnetic field. We find that the spin relaxation is thermally activated at low field,
while it remains larger than 1000 s up to 30 K and 8 T. This behavior contrasts with that of single molecule
magnets andbulk paramagnetic impurities,which relax faster at high field.Combining our resultswith density
functional theory, we rationalize this unconventional behavior by showing that local vibrations activate a two-
phonon Raman process with a relaxation rate that peaks near zero field and is suppressed at high field. Our
work shows the importance of these excitations in the relaxation of axially coordinated magnetic atoms.
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The exploration of magnetic atomic-scale units for
logical operations [1] and data storage [2] has revived
interest in the spin relaxation mechanisms of systems
composed of one or few magnetic atoms in a nonmagnetic
environment. Early studies on polymetallic [3,4] and single
ion molecular magnets (SIMMs) [5–7] showed that the spin
relaxation below 4 K can be sufficiently slow to enable the
observation of magnetic hysteresis [8,9]. Effective strate-
gies employed to increase the spin relaxation time, hence
the temperature range of magnetic bistability, rely on
engineering the ligand field so as to maximize the uniaxial
magnetic anisotropy and, consequently, the effective barrier
for magnetization reversal Ueff [10–12]. Recently, it has
been shown that the hysteretic behavior can be reinforced
by minimizing underbarrier relaxation pathways and engi-
neering the coupling between the vibrational modes of the
ligands and the magnetic states of the core [13–15].
Combining these approaches has enabled hysteresis up
to unprecedented temperatures of 72 [16] and 80 K [17].
Individual magnetic atoms adsorbed on a single crystal

surface allow for exploring magnetic anisotropy [18–21]
and bistability [22–24] in a simplified ligand environment.
In such a configuration, one can achieve maximal uniaxial
anisotropy and minimal coordination of the magnetic atoms
[21,22,25,26]. As will be shown here, the latter has the

additional effect of reducing the coupling of the spin to
the phonon modes of the substrate. The validity of this
approach was demonstrated by the observation of magnetic
remanence up to 40 K in Ho atoms on MgO=Agð100Þ, first
with x-ray absorption spectroscopy (XAS) and magnetic
circular dichroism (XMCD) [22], and subsequently con-
firmed by scanning tunneling microscopy (STM) [24,27].
These single-bond-coordinated atom magnets are ideal
systems for investigating the fundamental mechanisms
causing magnetization reversal. Addressing these mecha-
nisms requires measuring the lifetime of the magnetic states
as a function of temperature and magnetic field. For systems
with very long lifetimes, these measurements can be
performed with accurate statistics using ensemble-averag-
ing techniques.
Here, we combine XAS and XMCD experiments with

density functional theory (DFT) to shed light on themagnetic
reversal of Ho atoms on MgO=Agð100Þ. By recording the
time evolution of the XMCD intensity, we directly access the
magnetic lifetime τ as a function of temperature T and
external magnetic field B. At B ¼ 0.01 T, the Ho atoms
show τ ≈ 1500 s up to 10K, and an exponential decrease of τ
withT down to about 100 s at 30K. Remarkably, we observe
that the lifetime measured at B ¼ 6.8 T does not show any
significant variation with temperature, and remains constant
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at about 1200 s up to 30 K. Field-dependent characterization
of the magnetic lifetime indicates that suppression of the
reversalmechanism occurs aboveB ¼ 0.3 T.We useDFT to
show that only local vibrational modes of the Ho atoms
allow for an efficient exchange of energy and momentum
between the spin and phonon reservoirs. We propose that
this frustrated exchange of energy is responsible for the
extremely long magnetic lifetimes of Ho atoms.
The XAS and XMCD measurements were performed at

the EPFL/PSI X-Treme beam line of the Swiss Light
Source [28] and at the ID32 beam line of the European
Synchrotron Radiation Facility [29]. All the measurements
were performed in normal incidence geometry with circu-
larly polarized light in total electron yield mode with
the external magnetic field parallel to the x-ray beam,
see Fig. 1(a) [30]. The magnetic lifetime of the ensemble of
Ho atoms was obtained by recording the evolution of the
XMCD signal both at low (B ¼ 0.01 T) and high fields (up
to B ¼ 8 T) after having stabilized the sample temperature

at the desired value. The low field measurements were
performed by (i) saturating the ensemble at the largest
positive magnetic field, (ii) sweeping the field to B ¼
þ0.01 T at the maximum rate of 33 mT=s, and (iii) acquir-
ing the XAS signal for the two circular polarizations at the
maximum of the Ho M5 absorption edge as a function of
time [30]. High-field measurements were recorded follow-
ing a similar procedure after saturating the ensemble at the
largest negative field.
Figure 1(b) shows the XAS spectra acquired at the HoM5

edge for the two circular polarizations. The difference gives
the XMCD shown in Fig. 1(c). Ho atoms onMgO=Agð100Þ
present a strong out-of-plane magnetic anisotropy, with the
ground state being amagnetic doublet [22,24] separated by a
few tens ofmeV from the first excited states [27]. For such an
Ising-like system, the intensity of the XMCD peak reflects
the average occupation of the lowest magnetic doublet.
Therefore, the time evolution of the peak provides the
lifetime of the magnetic states [22,23,31].
Figure 1(d) shows the evolution of the XMCD intensity

at low magnetic field and three different temperatures.
The data fit well to a single exponential function with
vanishing asymptotic magnetization, yielding the charac-
teristic lifetime τ of the Ho atoms. For increasing temper-
atures, we observe a decrease of the lifetime from
1060� 110 s at 12.5 K to 120� 30 s at 30 K. For bulk
paramagnetic impurities [32,33] and molecular magnets
[3–6,10–12,34], the well-known reduction of the magnetic
lifetime with increasing temperature is attributed to spin-
phonon scattering. These mechanisms become increasingly
efficient as the number of phonons available for the
absorption processes increases with temperature [35].
Figure 1(e) shows the evolution of the XMCD of Ho
atoms recorded at B ¼ 6.8 T. Also in this case, we observe
an exponential time dependence of the XMCD. The
positive asymptotic value reflects the intensity of the
dichroism at the maximum available field, which decreases
with the sample temperature. However, differently from the
low field case, τ is here unaffected by temperature and
remains constant at a value of about 1200 s.
Figure 2 shows τ as a function of temperature measured

at low and high fields. Below 10 K, the relaxation rate is
dominated by the scattering with the secondary electrons
generated in the x-ray absorption process [22,31,36]. These
hot electrons represent a temperature-independent extrinsic
source of magnetic relaxation that can only be minimized
by reducing the photon flux while still having a sufficient
x-ray absorption signal. Above 10 K, τ behaves very differ-
ently depending on the applied field. At B ¼ 0.01 T, τ
follows an exponential behavior typical of an activated
process up to the maximum measured temperature of 30 K.
At B ¼ 6.8 T, τ remains constant and independent of
temperature. This behavior is very different from that of
other SIMMs [6,10–12,31,37] and single atom magnets
[23], which all show increased spin relaxation at high field.

(a) (b) (c)

(d)

FIG. 1. (a) Sketch of the measurement geometry. (b) XAS and
(c) XMCD of the Ho atoms on MgO=Agð100Þ at the M5 edge
(B ¼ 6.8 T, T ¼ 2.5 K, Ho coverageΘHo ≈ 0.015 ML). (d) Time
evolution of the peak XMCD intensity at B ¼ 0.01 T after
saturating the ensemble at þ6.8 T, and (e) at B ¼ þ6.8 T after
saturating the ensemble at −6.8 T.
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The temperature dependence of τ at B ¼ 0.01 T can be
fit by

τ−1 ¼ τ−1ν þ ½τ0 expðUeff=kBTÞ�−1; ð1Þ

where τν ¼ 1630 s is the photon-limited lifetime due to the
secondary electrons [22] and the exponential term describes
a thermally activated relaxation with an effective barrier
Ueff ¼ 4� 1 meV and a prefactor τ0 ¼ 60� 30 s [30].
Such an exponential temperature behavior is convention-
ally associated with a two-phonon Orbach process involv-
ing an excited spin state, whose separation from the ground
state defines the activation barrier [35]. However, typical
prefactors for the Orbach process range from 10−6 to
10−11 s [6,8,14,32,38], which are orders of magnitude
smaller than the τ0 estimated for Ho. Additionally, STM
experiments show that the excited states lie at least 15 meV
above the ground state doublet [24,27], which is not
compatible with the barrier derived from the fit. In fact,
even qualitatively, the suppression of spin reversal at high
fields is neither compatible with a conventional Orbach
mechanism, which predicts an increase of the relaxation
rate due to the Zeeman shift of the levels defining the
activation barrier, nor with a Raman process activated by
delocalized substrate phonons, whose relaxation rate also
increases with increasing Zeeman splitting of the lowest
doublet [30].
To obtain further insight into the field dependence, we

measure the magnetic lifetime of Ho atoms at two selected
temperatures, 2.5 and 22 K, as a function of magnetic field.
As shown in Fig. 3, at 2.5 K, τ is constant within the error
bars, remaining well above 1000 s up to 7 T. On the other
hand, at 22 K, τ decreases strongly below 0.3 T, see inset,
whereas no clear trend is visible at higher field [39].

In contrast with this behavior, a faster magnetic relaxation
at high field is typically observed in SIMMs, which is
ascribed to the direct transition between the two states of
the lowest spin doublet mediated by the emission or
absorption of a phonon. As the splitting of the magnetic
levels increases with the applied field, more phonon states
become available for these transitions, hence their relax-
ation rate increases as well [35]. For Ho single atom
magnets, the absence of temperature- and field-dependent
relaxation from 0.3 to 8 T indicates that the direct relaxation
process is slower than the photon-induced relaxation up
to the longest timescale available in our experiments
(thousands of seconds).
The magnetic lifetime of Ho atoms on MgO=Agð100Þ is

thus not compatible with conventional models of spin
relaxation based on either direct, Orbach, or Raman
processes, as none of these models can explain an activated
process that takes place exclusively at low field. A common
feature of these models is that the phonon density of states
(DOS) is assumed to be a continuum. This assumption is
questionable in the case of adatoms, for which strong
resonances are expected in correspondence of the local
vibrational modes of the atom-surface complex. DFT
calculations of a Ho atom adsorbed on a slab of 3
monolayers (ML) of MgO [30] provide insight into the
vibrational structure of our system. Figure 4(a) shows the
calculated phonon DOS projected onto the Ho atom and
the MgO slab, respectively, for a Ho atom adsorbed on top
of a surface oxygen ion [22,26]. The MgO phonon DOS
shows a linear behavior owing to the two-dimensional
phonon dispersion of the ultrathin slab. The Ho phonon
DOS, on the other hand, presents two strong resonances
corresponding to a doubly degenerate in-plane Ho-O
vibration with an energy at the Brillouin zone center of
Ek ¼ 4.7 meV and an out-of-plane Ho-O vibration with an
energy of E⊥ ¼ 8.6 meV. In the C4v symmetry of the
adsorption site, the two in-plane modes are degenerate, see

FIG. 2. Magnetic lifetime τ versus temperature for B ¼ 0.01
(blue dots) and B ¼ 6.8 T (red dots). The cyan dashed line is a fit
with Eq. (1). Blue and red solid lines are fits to the low and high
field data, respectively, using the two-phonon model described in
the text.

FIG. 3. Magnetic lifetime τ versus magnetic field measured at
2.5 (blue dots) and 22 K (red dots). Blue and red solid lines are
fits using the two-phonon model described in the text. Inset:
magnification of the field range below B ¼ 1 T.
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Fig. 4(b). Remarkably, the energy of the in-plane modes
matches the activation barrier Ueff inferred from our
measurements.
Motivated by these observations, we surmise that the

peculiar magnetic behavior of Ho single atom magnets is
influenced by the contribution of local vibrational modes to
the spin-phonon coupling [15,40]. The relaxation process is
thermally activated and occurs only at low magnetic fields,
i.e., when the two spin levels of the lowest doublet are very
close in energy. Further, the exceedingly long τ0 suggests
that relaxation occurs via a higher order process involving
the simultaneous absorption and emission of more than one
phonon. Based on these assumptions, we develop a model
based on the coupling of a single spin to local vibration
modes via a two-phonon Raman process [41]. Since the
relaxation due to quantum tunneling of the magnetization
and direct processes is slower than that induced by
photon absorption, these processes are not included in
the model. The spin reversal from jþi to j−i and back
occurs at a rate τsðB; TÞ−1 ¼ ΓðB; TÞ½1þ expð−Δ=kBTÞ�,
with the transition probability obtained from the two-
phonon integral [35,41]

ΓðB;TÞ¼ κ

Z
ρHoðω;TÞρHo

�
ωþΔ

ℏ
;T

�
exp

ℏωþΔ
kBT

dω:

ð2Þ
Here, ω and ωþ ðΔ=ℏÞ are the frequencies of the two
phonons involved in the transition, Δ ¼ 2μHoB is the

splitting between the two lowest states with μHo ¼
10.1μB [24], and κ is the scaling factor that is taken as a
free parameter of the model [30]. The phonon energy
density

ρHoðω; TÞ ¼ DHoðωÞℏω
�
exp

�
ℏω
kBT

�
− 1

�
−1

ð3Þ

only includes the DOS of the local modes with finite
projected displacement of the Ho atoms, DHoðωÞ [red line
in Fig. 4(a)]. In the model, this term is implemented by
summing two Gaussian peaks with energy and relative
amplitude as found in DFT [30], while their width ΔE is
left as a free parameter. Finally, we calculate τðB; TÞ by
adding the photon-limited lifetime τν as in Eq. (1).
As seen from the full curves in Figs. 2 and 3, our model

fully reproduces the temperature- and field-dependent data
with κ ¼ 1.7 × 10−17 and ΔE ¼ 0.17 meV. Although we
cannot exclude the contribution of other relaxation proc-
esses in the high field region dominated by photon-induced
relaxation, we remark that such an agreement cannot be
achieved if the delocalized acoustic phonon modes from the
MgO substrate were to contribute significantly to the spin
relaxation [30]. Therefore, only the modes at Ek¼4.7meV
with a large amplitude on the Ho atoms effectively enable
the magnetic reversal. The rationale of the reversal mecha-
nism is sketched in Figs. 4(c) and 4(d). For B < Brev, where
Brev ¼ ΔE=2μHo is the field required to suppress the
reversal, the ground state doublet is close to degeneracy
and the two magnetic states can be connected by two local
vibrations within their energy broadening ΔE when suffi-
cient thermal energy is provided. Because of the lower
activation energy, the relaxation essentially occurs via the
in-plane mode. The specific relaxation path involving a low
energy local vibrational mode strongly reduces the effective
barrier with respect to the zero-field level splitting, i.e.,
Ueff ¼ Ek. A similar barrier reduction was also observed
for Fe-based SIMM, but attributed to anharmonic phonons
in resonant coupling with excited spin states [13].
Moreover, applying a large magnetic field lifts the degen-
eracy of the two states such that the same quantum of
energy absorbed from one state cannot be reemitted to
reach the opposite spin state. In this case, the relaxation
process is suppressed. The suppression of this process with
external field has, to our knowledge, not been reported so
far. The model additionally predicts relaxation by a two
phonon process involving an in-plane and an out-of-plane
mode, with the difference in energy matching the Zeeman
spitting at 3.7 T. The related dip predicted in the curve at
high temperature of Fig. 3 is, however, too shallow to be
detected with sufficient significance [42].
The linewidth of the spin-flip transition is broadened by

the finite lifetime of the vibrational mode [41] as well as by
the spread in energy of the Ho nuclear states due to the
hyperfine interaction [33,43,44]. By modeling the low-field

(c) (d)

(a) (b)

FIG. 4. (a) Calculated low-energy phonon DOS projected onto
the Ho atom and MgO slab (see Ref. [30] for the full range plot).
(b) Eigenvector of the modes with large displacement of the Ho
atoms. (c) Schematics of the two-phonon process responsible for
the thermally activated relaxation at low field and high temper-
ature. (d) In high field, this mechanism is suppressed due to the
energy mismatch of the lowest states.
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and high-temperature data of Fig. 3, we infer that
ΔE ¼ 0.17� 0.07 meV. This value essentially coincides
within the error bars with the expected hyperfine splitting
of Ho atoms [33,43,45], suggesting that this contribution
dominates over finite lifetime broadening of the vibra-
tional mode.
In conclusion, single atom magnets at surfaces provide

an ideal test for models of spin-lattice relaxation in the
presence of strongly localized vibrational modes. Our work
shows that, for a single spin system, the presence of local
vibrational modes leads to a peak in the Raman relaxation
rates near zero field, which is suppressed at high field. For
axially coordinated Ho single atom magnets on MgO, we
identified the relevant thermal relaxation mechanism as a
two-phonon Raman process involving the in-plane dis-
placement of the Ho atom with respect to the O adsorption
site. Such an unconventional spin relaxation mechanism
might be relevant also in single molecule magnets with a
phonon density of states dominated by localized vibrational
resonances.
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