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The spin reversal in dilute Li2(Li1−xFex)N with x < 1% is dominated by resonant quantum tunneling of
spatially separated spins. We report on the effect of finite couplings between those states that give rise
to cooperative, simultaneous quantum tunneling of two spins. This phenomenon, known as spin-spin cross
relaxation, effectively elucidates the fine structure observed in isothermal magnetization loops, a previously
unresolved aspect. Temperature- and field-dependent magnetization measurements were conducted over a range
from T = 0.23 to 300 K in applied fields of up to μ0H = 7.5 T. The effect of transverse fields is investigated and
magnetic dipole fields are computed numerically. Our findings affirm the importance of magnetic interactions in
dilute Li2(Li1−xFex)N and underscore its exemplary suitability as a model system for investigating spin-reversal
processes at the microscopic level. This is attributed to its comparatively simple crystal structure, the availability
of large single crystals, elevated characteristic energies, and well-defined energy levels.

DOI: 10.1103/PhysRevB.110.134405

I. INTRODUCTION

Controlling spin states in a solid at the atomic level is
at the forefront of modern data storage and quantum com-
puting. One of the most fascinating ways a spin can change
its orientation is by quantum tunneling that takes place not
only on microscopic but also on mesoscopic scales [1,2].
This tunneling process allows for transitions between spin
states that are separated by a large barrier although there is
insufficient energy for a classical passage. Initially discov-
ered in single molecule magnets (SMMs) [3–6], this effect
has since been intensively studied in the context of quan-
tum computation [7], quantum coherence [8], and quantum
entanglement [9]. Whereas most SMMs are built from clus-
ters of magnetic ions, there are also systems based on the
magnetic moment of isolated ions [10–13] that are referred
to as single ion magnets (SIMs). Such mononuclear magnetic
centers were also studied in a comparatively small number
of purely inorganic materials [14], for example Ho-doped
LiYF4 [15], Cu-doped alkaline-earth phosphate apatites [16],
and Fe-doped Li3N [17,18].

The latter shows quantum tunneling of the magnetization
at comparatively high temperatures T > 10 K and extremely
strong sensitivity to small applied fields [18]: H = 30 Oe
applied parallel to the easy axis almost fully suppresses
quantum tunneling and freezes the orientation of the mag-
netic moment either parallel or antiparallel to the easy axis.
On the other hand, H = 100 Oe applied perpendicular to
the easy axis leads to strongly enhanced spin flip proba-
bility, a clear indication for resonant tunneling [18]. The
availability of large single crystals, high characteristic tem-
peratures and energy scales, and structural simplicity make
Li2(Li1−xFex )N an ideal model system to improve our under-
standing of quantum tunneling and related phenomena. X-ray
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spectroscopy results further reinforce this suitability, reveal-
ing that Li2(Li1−xFex )N is clean of defects and disorder with
a random distribution of Fe in the Li3N host matrix [19]. This
is corroborated by Mössbauer spectroscopy, which revealed
that quantum tunneling is still effective at high temperatures
of T ≈ 70 K [20].

However, so far the structure of the isothermal magne-
tization curves [M(H )], which serve as one of the primary
sources for analyzing quantum tunneling effects in SMMs
and SIMs, was not well understood. Whereas the large step
at H = 0 is accurately described by resonant tunneling of iso-
lated Fe moments, there are additional, small but well-defined
anomalies, for example at μ0H = 0.13 and 0.4 T, that form a
complex fine structure (see below). A rough estimate yields a
corresponding magnetic energy scale of 0.1–0.5 meV, which
seems too large for hyperfine couplings but too small for
any known electronic interaction [22]. Based on single-atom
processes, the first step would require applied fields of several
tens of tesla in order to cause a crossing of energy levels.

Here we show that almost all details of M(H ) are well
described by cooperative quantum tunneling (of pairs) of
spins, which is a manifestation of spin-spin cross relaxation
(SSCR) [23,24]. The process is based on a simultaneous tran-
sition of two spins under conservation of the total energy (see
Fig. 1). A weak coupling due to dipolar and/or exchange
interactions leads to a collective quantum process [24]. We
shall discuss the presence of mesoscopic, entangled pairs of
spins in Li2(Li1−xFex)N that extend over several unit cells of
the host lattice.

II. EXPERIMENTAL

Single crystals of several millimeters along a side
were grown from a lithium-rich flux [17,25]. Temperature-
dependent and isothermal magnetization were measured
using a Quantum Design magnetic property measurement
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FIG. 1. Schematic of spin-spin cross relaxation (adapted
from [21]). Depicted are energies of a J = 7/2 state that is split into
four nonequidistant doublets as a function of an applied magnetic
field. The dotted, black arrows indicate simultaneous transitions of
two individual spins without changing the total energy. Quantum
tunneling of single spins takes place when (avoided) level crossings
of different spin states occur (red circle). For Fe-doped Li3N, this
would require huge applied fields of more than μ0H ≈ 42 T.

system (MPMS3) equipped with a 7-T magnet. The
data obtained were corrected for the diamagnetic sample
holder: The sample was sandwiched between two Torlon
discs and fixed inside a straw. The diamagnetic contribu-
tion of the Li3N host was subsequently subtracted using
χM(Li1+) = −8.8 × 10−12 m3 mol−1 [26] and χM(N3−) =
−1.63 × 10−10 m3 mol−1 [27]. Magnetization measurements
at lower temperatures of T = 0.23 K were performed by a
custom-made high-sensitivity micro-Hall effect magnetome-
ter in a He3 Oxford Instruments fridge in the presence
of magnetic fields generated by an American Magnetics
three-dimensional vector superconducting magnet. Chemical
analysis was performed using inductively coupled plasma op-
tical emission spectroscopy (ICP-OES, Vista-MPX). To this
end, the samples were dissolved in a mixture of hydrochloric
acid and distilled water. For simplicity, the nominal Fe con-
centrations are used through the paper. The measured values
for x are provided in Table I.

TABLE I. Fe concentration x in Li2(Li1−xFex)N determined by
ICP-OES.

Sample no. x nominal x from ICP-OES

1 0.001 0.00130(10)
2 0.003 0.00291(18)
3 0.005 0.00533(32)
4 0.009 0.00886(53)
5 0.003 0.00320(30)
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FIG. 2. Temperature-dependent magnetization of a single crystal
of Li2.999Fe0.001N after field cooling in μ0H = 7 T. The solid line in
(a) represents a fit according to Eq. (1) and yields an energy level
separation of 22.4 meV. The assumed level configuration for H = 0
is depicted in the inset. Panels (b) and (c) show fits to Eq. (1) using
the parameters obtained from the above fit (blue, dashed line) plus
small additional shifts of the energy levels by a and b (red, solid
lines) as depicted in the insets. a− and b− represent the lower limits
of a and b resulting in curves still within the error bar, where b = 0
and a = 0. a+ and b+ denote the corresponding upper limits.

III. RESULTS

A. Temperature dependent magnetization

In the following section, we are going to show that the mea-
sured magnetic susceptibility is consistent with the presence
of nonequidistant doublet states, which is a prerequisite for
the occurrence of SSCR. Figure 2 shows the temperature-
dependent magnetization M(T ) × T of a single crystal of
Li2.999Fe0.001N after field cooling in μ0H = 7 T. The H field
was applied parallel to the crystallographic c axis (H ‖ c).
M(T ) × T is expressed in units of Bohr magneton per Fe (for
clarity) and displays a temperature dependence over the whole
investigated temperature range (2−300 K). This is typical for
systems with a large magnetic anisotropy and reflects changes
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in the Boltzmann populations of the relevant energy levels
with temperature [28,29].

Therefore, the temperature dependence of the magne-
tization was modeled taking into account explicitly the
Boltzmann probabilities of the low-lying magnetic states.
These can be best described as an effective J = 7/2 multiplet,
split by spin-orbit coupling into four doublets with quantum
numbers mJ = ±7/2,±5/2,±3/2,±1/2 [13,22] (see Fig. 2
for a schematic of the level scheme). Since each state carries
the moment μ(mJ ) = −gmJμB, the resulting total magnetic
moment of the system (projected along the applied field) is
given by Eq. (1):

μ(T ) =
∑

i

μi pi

= 1

Z

J∑
mJ=−J

gμBmJ exp

(
−EmJ + gmJμBB

kBT

)
, (1)

where Z represents the partition function

Z =
∑

i

pi =
J∑

mJ=−J

exp

(
−EmJ + gmJμBB

kBT

)
, (2)

EmJ equals the energy of |mJ〉 with respect to the ground
state doublet | ± 7/2〉, g = 10/7 is the Landé factor obtained
for J = 7/2, L = 2, and S = 3/2 [22]. In a first approach,
equidistant energy levels, separated by �E , were introduced,
in accordance with the almost equidistant levels calculated by
quantum chemistry methods [22]. The free parameters in the
fit are �E , the Fe concentration x, and a small temperature-
independent offset. Due to extremely slow relaxation for
temperatures below T = 16 K [17,18] the fit was restricted
to the interval [20 K, 300 K].

The solid line in Fig. 2 represents a fit of Eq. (1) and
shows a remarkable agreement with the measured data. An
energy level separation of �E = 22.4(2) meV (261 K) was
found. The Fe content x = 0.12(1)% obtained from the fit
is in excellent agreement with the concentration determined
via ICP-OES [x = 0.13(1)%]. The temperature-independent
offset converged to a small value close to 0.4% of the low-
temperature magnetization. Note that the Landé factor of g =
10/7 is actually determined for a free ion. Nevertheless, when
releasing g in the fit, it converged to a value that deviates by
less than 10−4 from the Landé factor.

In accordance with small deviations of the calculated levels
from equidistance [22], the parameters a and b [see Fig. 1
and schematic inset in Figs. 2(b) and 2(c)] were introduced,
representing additional energy shifts of the excited states
mJ = ±3/2 and ±1/2, respectively. The parameters deter-
mined from the fit with a = b = 0 (see above) were fixed,
and a and b were varied separately until the calculated curve
showed significant deviations from the measured data (the
error is dominated by the weighing error). The corresponding
curves are shown in Figs. 2(b) and 2(c), where a− and b−
denote the lower and a+ and b+ the upper limit of a and b, re-
spectively. The intervals for a = [−1.3 meV,+1.9 meV] and
b = [−2.6 meV,+3.9 meV] obtained in this way are slightly
asymmetric, indicating a small increase of the level distance
with increasing energy, in accordance with the calculation
in [22]. As expected, the allowed interval for the shift of the
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FIG. 3. Isothermal magnetization of Li2(Li1−xFex)N at T = 2 K
for samples with varying Fe content x. Lower panels show the deriva-
tive of the magnetization with respect to the applied field. Panels on
the right hand side show an enlarged view around H = 0. As evident
from magnetization and derivative, the step size at H ≈ 0 decreases
with increasing x, whereas all other steps increase, indicating a
collective nature of the latter ones.

higher excited level b is larger than for the shift a of the lower
excited state, reflecting the reduced influence of higher energy
levels in the studied temperature range.

B. Isothermal magnetization

Figure 3 shows isothermal magnetization curves M(H ) of
Li2(Li1−xFex)N at T = 2 K and a sweep rate of μ0dH/dt =
0.39 mT/s for samples with different Fe content x (samples
1–4). Arrows indicate the direction of the field sweep. The
H field was applied parallel to the crystallographic c axis. In
order to obtain saturation, the samples were field cooled prior
to the measurement in μ0H = 7 T. For better comparison, the
curves are normalized to their saturation magnetization at T =
2 K [Msat = (5.0 ± 0.3) μB/Fe].

The isothermal magnetization curves show pronounced
steps at several field values with the largest change in mag-
netization at H = 0 [Figs. 3(a) and 3(b)] Whereas the step at
H = 0 shows a decrease in intensity for higher Fe concentra-
tions, all steps in finite fields increase with x. Even without
invoking the microscopic origin of this behavior, it indicates
that the step at H = 0 is caused by isolated, noninteraction
Fe atoms whereas Fe-Fe interactions are at play at the smaller
steps in finite fields. This behavior is also clearly seen in the
derivatives shown in Figs. 3(c) and 3(d). Note that we refer to
these anomalies also as peaks in the following, which refers
to the corresponding derivative dM/dH .

As shown in Fig. 4, the position of the steps in M(H )
can be well explained by the occurrence of identical energy
differences between the magnetic states. Instead of energy
levels as depicted in Fig. 1, the differences between those
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FIG. 4. (a) Energy differences between ground state and first
excited state (lower branch emerging from 22.4 meV) and between
first and second excited state (upper branch emerging at 22.5 meV)
as well as (b) between second and third excited state as a function of
an applied magnetic field. Possible SSCR transitions are highlighted
by red circles. (c), (d) Derivative of M(H ) with respect to H showing
maxima at crossings of energy level differences (T = 2 K, H ‖ c, Fe
concentration x).

levels are plotted in Fig. 4(a) as function of H . Accordingly,
the value of 22.4 meV at H = 0 corresponds to the energy
splitting between ground state and first excited state, whereas
22.5 meV is the energy difference between first and second
exited state, that is �E + a with a = 0.1 meV. Note that
this is well within the range of a = [−1.3 meV,+1.9 meV]
obtained from the analysis of M(T ), which was presented in
the previous section. As a function of H , several crossings
of energy level differences are observed in the field range up
to μ0H = 1 T. Those fit well with the peak positions found
in the derivative of M(H ), which is plotted in Fig. 4(c). The
first crossing at μ0H = 0.13 T corresponds to simultaneous
transitions | − 7/2〉 → | + 5/2〉 and | − 3/2〉 → | + 5/2〉.

Another set of anomalies in M(H ) is observed around
μ0H ≈ 4 T. Those are well described by similar crossings of
energy differences assuming b = 2.7 meV that corresponds
to an energy gap of �E = 22.4 meV + b = 25.1 meV be-
tween the second and the third excited state [Fig. 4(b)].
Note that this is also well in the allowed range of b =
[−2.6 meV,+3.9 meV] (see previous section). The crossing
of energy level differences does correspond well with anoma-
lies in M(H ) as shown in Fig. 4(d).

The level schemes depicted in Figs. 4(a) and 4(b) have
been calculated based on g = 10/7, level splittings of � =
22.4 meV + a/b, and the values of mJ provided above
(Fig. 2), which allow for a precise description of M(T ).
Nevertheless, it must be approached with caution, as the pre-
cise crossings are highly dependent on both the size of the
magnetic moments and the exact zero-field splittings. More
likely than not, the g factors of the doublet states differ

somewhat from the values given above. The value of a =
0.1 meV was chosen such that the preponderance of the data is
well described. However, other combinations are also possible
including those that describe the peak in the derivative at
μ0H = 0.5 T. We refrain from presenting these in order to
keep the number of correlated parameters low and because of
further difficulties that are discussed below.

C. Minor loops

One of the anomalies in M(H ) behaves distinctly different
from all the others: the step in the third quadrant at μ0H =
−2.96 T [see Fig. 3(a) and the corresponding peak in dM/dH
in Fig. 3(c)]. This peak shows no corresponding anomaly in
the first quadrant. Furthermore, the peak position does not
change with the Fe concentration. In fact, we find the peak
centered at μ0H = −2.955 ± 0.007 T (error estimated by two
times standard deviation) for all samples 1–4 whereas signifi-
cant and systematic shifts are observed for all other anomalies
(see Fig. 7 and corresponding text in the discussion section).

This motivated the measurement of a series of incomplete
M(H ) (minor loops) where the applied field was reversed
prior to reaching saturation. The measurements were per-
formed on sample 5 with x = 0.0032 at T = 0.23 K with H ‖
c and a sweep rate of μ0dH/dT = 4.2 mT/s. The obtained
results are shown in Fig. 5 with M(H ) shown in Fig. 5(a)
and the corresponding derivatives plotted in Fig. 5(b). The
black and the red curve present a regular M(H ) loop similar
to the ones presented in Fig. 3(a) though with a roughly ten
times higher sweep rate. A clear, steplike anomaly appears
in M(H ) and a corresponding peak is seen in the deriva-
tive dM/dH at μ0H = −2.82 T [black curves in Figs. 5(a)
and 5(b)]. The slight change of the peak position is likely a
direct consequence of the higher sweep rate and in line with
the position of the central peak (see discussion). When the
field is reversed, the anomaly emerges at μ0H = +2.79 T [red
curves in Figs. 5(a) and 5(b)].

In a series of further measurements the applied field was
reversed at successively smaller values, whereas the initial
demagnetization is always given by the black curve (for ex-
ample the violet curve where the applied field was reversed
at μ0H = −5 T). There is no significant difference to the
full loop for the first three minor loops where the field was
reversed at μ0H = −5,−4, and −3 T, respectively. A drastic
change, however, is observed when the field is reversed before
the anomaly emerges; the light blue curve with a field reversal
at μ0H = −2 T shows no anomaly in the first quadrant. Fur-
ther runs with early field reversal show identical behavior [see
Fig. 5(b), three bottommost curves].

We associate the observed behavior with another magnetic
species within the sample, independent of the one causing
the peaks at lower fields (which are the focus of the main
discussion of this paper). This second species shows a negli-
gible tunneling probability at zero field compared to the main
species. We speculate that this species originates from a small
fraction of either strongly coupled neighboring Fe spins that
behave as spin dimers, or single Fe ions with a different local
site symmetry that prevents the mixing of states necessary to
create tunnel splitting leading to magnetization relaxation at
zero field. Furthermore, the presence of a second magnetic
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FIG. 5. (a) M(H ) loops with the reversal of the applied field suc-
cessively shifted to smaller values (T = 230 mK, H ‖ c, x = 0.3%,
sample 5). The black curve presents the initial M(H ) for all curves
whereas the colored lines show M(H ) after reversing the applied
field. At μ0H = 2.8 T a pronounced steplike anomaly is found that
vanishes in the first quadrant when the field reversal takes place
before crossing the anomaly in the third quadrant. (b) Derivative of
the M(H ) curves shown in (a).

species is consistent with high-field electron spin resonance
measurements on Co-doped Li3N [30].

D. Transverse fields

In a previous publication it was shown that the central
anomaly close to H = 0 is strongly affected by transverse
fields whereas the additional, smaller anomalies are not [18].
However, only effects of small applied fields up to μ0H =
40 mT had been investigated. In this section, we present
M(H ) loops with large transverse components by applying
the field at various angles φ with respect to the crystallo-
graphic c axis (sample 5, x = 0.3%, T = 4.2 K, sweep rate
μ0dH/dT = 4.2 mT/s). Results are shown in Fig. 6 in the
form of derivatives dM/dH : for φ = 0◦ and 180◦ the minor
peaks are in accordance with data shown in Fig. 3. For the
discussion of the φ dependence, we focus on the minor peaks
closest to the central peak. A clear shift with increasing φ from
0◦ to 80◦ is observed that is symmetric with respect to the ab
plane. It turns out that the peak position is solely determined
by the projection of the applied field toward the c axis.
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FIG. 6. (a) Derivatives of M(H ) loops for field applied at an
angle with respect to the crystallographic c axis. (b) Position of
the three main peaks shown in (a). Open squares, last minor peak
before passing H = 0; closed squares, first minor peak after passing
H = 0; closed circles, major peak at H ≈ 0. Blue lines show fits to
the projection of the transverse field (see text).

In order to accurately determine the peak positions, all
curves plotted in Fig. 6(a) were consistently fitted by five
pseudo-Voigt profiles. A plot of the obtained peak positions
together with a fit to the equation H0/cos(φ) − Hoff is shown
in Fig. 6(b) with H0 being the ideal peak position for φ = 0.
We find μ0H0 = ±0.12(1) T and μ0Hoff = −0.033(3) T. The
latter accounts for a constant offset of the applied field and
is in good agreement with the position of the main peak at
μ0H = 0.039(4) T. In other words, the main peak is centered
between the closest minor peaks and the full M(H ) loops seem
to be shifted by Hoff independent from φ. Furthermore, the
analysis indicates that the area of the (first minor) peaks does
not depend on φ, even though a large relative error of 50%
has been estimated (mainly caused by the empirical choice of
the fit profile). Accordingly, the step size of the minor anoma-
lies in M(H ) seems largely independent from the transverse
field, which is in stark contrast to the behavior of the central
peak [18] and in line with the proposed fundamental different
origin of the anomalies.

IV. DISCUSSION

We first want to focus on the symmetry of the steps in
M(H ) with respect to the zero point of the applied field:
all anomalies observed in isothermal magnetization mea-
surements are summarized in Fig. 7 for the five samples
investigated. Anomalies that appear before the applied field
crosses H = 0 are denoted by open symbols whereas anoma-
lies that appear afterwards (and therefore also after the main
transition at H ≈ 0) are shown by closed symbols. Accord-
ingly, the latter denote the absolute value of peak positions
that are observed at negative applied fields when the initial
saturation of M(H ) was realized in positive fields.

The major peak (labeled “single ion tunneling” in Fig. 7) is
not exactly located at H = 0 but somewhat shifted with a clear
trend for samples 1–4, which were all measured in the same
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setup with identical sweep rates of μ0dH/dt = 0.39 mT/s:
the transition shifts to higher fields for increasing the Fe
concentration x. This indicates that a change in the internal
field (which is proportional to x) causes the main transition to
occur at different applied fields. Sample 5 behaves markedly
different with the transition occurring before the applied field
crosses H = 0 even though the x is similar to sample 2. This is
likely caused by the different measurement routines: samples
1–4 were measured in discrete steps with an average sweep
rate whereas sample 5 was measured in “sweep mode” (using
a different experimental setup employing a Hall sensor). The
observed behavior is not surprising given that the relaxation
rates and time dependencies of the magnetization in general
are extremely field dependent for H ≈ 0 [18].

The anomalies appearing next to the main transition are
proposed to be caused by SSCR and labeled “SSCR 1st set”
in Fig. 7. As for the main peak, there is a clear dependence
on x with an increase of the field difference between those
first minor peaks for increasing x. In fact, the major peak
is located close to the center between the first minor peaks,
which indicates a shift of the whole M(H ) curves with respect
to (the zero point of) the applied field (in accordance with
Sec. III D).

The second set of anomalies that appear next to the first
minor peaks is labeled “SSCR 2nd set” in Fig. 7. A further
analysis of this set is complicated by the strong overlap of
several peaks and the lower signal-to-noise ratio. However, the
same trend as found for the first set of anomalies is observed:
the distance between two corresponding anomalies follows
the shift of the main transition (see inset).

Denoted by “coupled flip” in Fig. 7 are the anomalies
discussed in Sec. III C. There is no significant dependence

on x for samples 1–4 (see Sec. III B); however, sample 5
shows the transition at a somewhat smaller field of μ0H =
−2.82 T, which is likely caused by the different field sweep
mode.

In all previous publications, quantum tunneling in
Li2(Li1−xFex)N had been described in the framework of non-
interacting spins. However, a finite coupling (by dipolar or
exchange interactions) between the spins is necessary for
SSCR to emerge and suitable Hamiltonians have been set up
and diagonalized for SMMs (see for example [24]). Applying
those established models to Li2(Li1−xFex)N is complicated by
the following issues.

(a) Significant mixing of the eigenstates of the free ion is
expected. Even in the simplest picture, the crystal electric field
mixes | ± 7/2〉 and | ± 5/2〉 states in the hexagonal symmetry
of the Fe atom [31].

(b) There is significant mixing between Fe 3d and 4s
states [32,33].

(c) In contrast to most of the SMMs, the zero-field split-
ting of Li2(Li1−xFex)N cannot be described by a uniaxial
anisotropy constant that contributes with −DS2

z to the Hamil-
tonian. Instead, a more complex energy level scheme is
present [22].

(d) The simultaneous presence of a large crystal electric
field and an unquenched orbital moment [17] are charac-
teristic properties of Li2(Li1−xFex)N that make it—in the
authors’ opinion—impossible to take advantage of established
schemes to find and diagonalize an effective Hamiltonian.

For these reasons, the focus of this paper will be on
the experimental results. Nevertheless, a preliminary analysis
suggests that the major difficulty of SSCR in such a single-ion
picture, that is a negligible occupation of energy levels more
than 22 meV above the ground state at T = 2 K, is resolved
in a more rigorous treatment, which could include the possible
presence of phonon super-radiance [34,35].

SSCR effects similar to the ones presented here were
observed in SMMs, for example in complexes containing
clusters of Mn [24,36–38], Ni [39,40], or Fe ions [41–43].
Furthermore, the effect was demonstrated in single crystals
of LiYF4 doped with Ho ions [15,44,45]. Typically in those
reports, the vast majority of steps in M(H ) is attributed to
resonant tunneling of isolated spins and SSCR transitions
present smaller, additional anomalies. In stark contrast, there
is only one single-ion transition in Li2(Li1−xFex)N but sev-
eral associated with SSCR. The reason is the significantly
larger anisotropy energy of the title compound that causes
the (avoided) level crossing to appear only at large applied
fields of several tens of tesla. An experimental verification
seems challenging since the relaxation is slow compared to the
pulses at high-magnetic-field facilities [18,46]. Accordingly,
the SSCR transitions in Li2(Li1−xFex)N are more pronounced
since, besides the zero-field transition, they provide the only
spin-reversal mechanism for μ0H < 10 T.

Similar to our findings, the step size of SSCR tran-
sitions in M(H ) was found to increase with increas-
ing concentration of magnetic ions as shown for the
SMM [(Pc)2Ho0.02Y0.98]−TBA+ when increasing the Ho con-
centration [47]. It remains to be seen, whether the transverse
field dependence of SSCR in Li2(Li1−xFex)N is smooth when
compared to single atom transitions [24].
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TABLE II. Magnetic dipole fields at the position of Fe atoms
caused by NN Fe magnetic moments in a fully polarized state. For
the smallest and the largest Fe concentration x, the averaged, absolute
values are provided with the standard deviation given in brackets.

Bdip ‖ c (mT) Bdip ⊥ c (mT)

NN along c 169 0
NN in plane −99 0
∅ NN x = 0.1% 2.1 (6.7) 1.7 (4.1)
∅ NN x = 0.9% 12 (27) 7.3 (12)

Finally, we are going to elaborate on the strength of
the coupling between the Fe magnetic moments. Since a
combinatorial analysis [48] is cumbersome for such low Fe
concentrations, a numerical approach was chosen by plac-
ing Fe atoms on the lattice of Li3N according to various Fe
concentrations x using the NUMPY library [49] for PYTHON.
A 40 × 40 × 40 lattice has been simulated over 1000 times.
Since SSCR is a two-particle process between pairs of Fe
atoms, we focus on the field created by the nearest neigh-
bor (NN). Magnetic dipole fields Bdip were calculated for a
fully polarized state with all magnetic moments (μ = 5 μB)
pointing along the crystallographic c axis. The results are
summarized in Table II. The first value represents the largest
possible dipole field that is caused by an Fe atom placed on a
nearest neighbor Fe site along the c axis. Basically, even larger
values are possible for chains of Fe atoms. However, those
are extremely unlikely to form for x < 0.01. For Fe atoms
sitting on the in-plane NN site, the largest possible, negative
dipole field amounts to −99 mT. Due to the six in-plane
NNs, the probability of being occupied is somewhat larger: for
x = 0.9% it amounts to 5.3%, whereas it drastically reduces
to 0.6% for the smallest Fe concentration of x = 0.1%.

The average field caused by the nearest neighbor for x =
0.1% is Bdip = 2.1 mT along the c axis and Bdip = 1.7 mT
perpendicular to the c axis. The standard deviation is signifi-
cantly larger than the average since Bdip(r) is highly nonlinear
and the average is dominated by a small number of partic-
ularly large values. Nevertheless, those results reveal that a
significant number of Fe atoms are subject to magnetic dipolar
fields in the range of 10 mT. Larger values for the average

Bdip were obtained for x = 0.9% that roughly scale with the
Fe concentration.

Furthermore, the simulation allows us to draw conclusions
on the single-atom transition at H ≈ 0. To this extent, we cal-
culated the ratio of Fe atoms that are subject to Bdip < 3 mT,
which was found to be the threshold for quantum tunneling to
appear [18]. The ratio decreases from 92(5)% for x = 0.1% to
56(4)% for x = 0.9%. This scales well with a decrease of the
step size in M(H ) by roughly 1/2 [Fig. 3(c)].

V. SUMMARY

This paper investigates quantum tunneling of the mag-
netization in Li2(Li1−xFex)N, a model system due to the
comparatively simple crystal structure, the availability of
large single crystals, sharp energy levels, and high char-
acteristic energy scales (with respect to anisotropy energy,
relaxation rates, and crossover to the quantum tunneling
regime). The temperature-dependent magnetization of dilute
Li2(Li1−xFex)N can be satisfactorily described as a result of
the magnetic moment of single, isolated Fe ions. Through
detailed measurements of isothermal magnetization, the re-
search uncovers complex spin transitions that deviate from
conventional noninteracting spins. Instead, the driving force
behind the observed magnetic anomalies is identified as coop-
erative quantum tunneling of spin pairs, known as spin-spin
cross relaxation. In particular, it is shown that the observed
behavior is not caused by structural defects. We believe that
this paper represents a further important step in understand-
ing the complex magnetic behavior of the structurally rather
simple compound Li2(Li1−xFex)N and will improve our un-
derstanding of spin-reversal processes on a microscopic scale.

ACKNOWLEDGMENTS

We thank Alexander Herrnberger and Klaus Wiedenmann
for technical support, and Andrea Moos for performing
ICP-OES. Helpful comments provided by Thilo Kopp are
gratefully acknowledged. This work was supported by the
Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) – JE 748/1.

[1] W. Wernsdorfer, N. Aliaga-Alcalde, D. N. Hendrickson,
and G. Christou, Exchange-biased quantum tunnelling in a
supramolecular dimer of single-molecule magnets, Nature
(London) 416, 406 (2002).

[2] B. Barbara, Quantum tunneling of the collective spins of single-
molecule magnets: From early studies to quantum coherence, in
Molecular Magnets, edited by J. Bartolomé, F. Luis, and J. F.
Fernández (Springer-Verlag, Berlin, 2014), pp. 17–60.

[3] L. Thomas, F. Lionti, R. Ballou, D. Gatteschi, R. Sessoli, and
B. Barbara, Macroscopic quantum tunnelling of magnetization
in a single crystal of nanomagnets, Nature (London) 383, 145
(1996).

[4] B. Barbara, W. Wernsdorfer, L. Sampaio, J. Park, C. Paulsen,
M. Novak, R. Ferré, D. Mailly, R. Sessoli, A. Caneschi, K.

Hasselbach, A. Benoit, and L. Thomas, Mesoscopic quantum
tunneling of the magnetization, J. Magn. Magn. Mater. 140–
144, 1825 (1995).

[5] J. R. Friedman, M. P. Sarachik, J. Tejada, and R. Ziolo,
Macroscopic measurement of resonant magnetization tun-
neling in high-spin molecules, Phys. Rev. Lett. 76, 3830
(1996).

[6] J. M. Hernández, X. X. Zhang, F. Luis, J. Bartolomé, J. Tejada,
and R. Ziolo, Field tuning of thermally activated magnetic quan-
tum tunnelling in Mn12 - Ac molecules, Europhys. Lett. 35, 301
(1996).

[7] M. N. Leuenberger and D. Loss, Quantum computing
in molecular magnets, Nature (London) 410, 789
(2001).

134405-7

https://doi.org/10.1038/416406a
https://doi.org/10.1038/383145a0
https://doi.org/10.1016/0304-8853(94)00585-0
https://doi.org/10.1103/PhysRevLett.76.3830
https://doi.org/10.1209/epl/i1996-00570-7
https://doi.org/10.1038/35071024


M. FIX et al. PHYSICAL REVIEW B 110, 134405 (2024)

[8] S. Bertaina, S. Gambarelli, A. Tkachuk, I. N. Kurkin, B.
Malkin, A. Stepanov, and B. Barbara, Rare-earth solid-state
qubits, Nat. Nanotechnol. 2, 39 (2007).

[9] A. Candini, G. Lorusso, F. Troiani, A. Ghirri, S. Carretta, P.
Santini, G. Amoretti, C. Muryn, F. Tuna, G. Timco, E. J. L.
McInnes, R. E. P. Winpenny, W. Wernsdorfer, and M. Affronte,
Entanglement in supramolecular spin systems of two weakly
coupled antiferromagnetic rings (purple-Cr7Ni), Phys. Rev.
Lett. 104, 037203 (2010).

[10] N. Ishikawa, M. Sugita, T. Ishikawa, S. Koshihara, and Y.
Kaizu, Lanthanide double-decker complexes functioning as
magnets at the single-molecular level, J. Am. Chem. Soc. 125,
8694 (2003).

[11] M. S. Alam, V. Dremov, P. Müller, A. V. Postnikov,
S. S. Mal, F. Hussain, and U. Kortz, STM/STS obser-
vation of polyoxoanions on HOPG surfaces: The wheel-
shaped [Cu20Cl(OH)24(H2O)12(P8W48O184)]25− and the Ball-
Shaped [{Sn(CH3)2(H2O)}24{Sn(CH3)2}12(A-PW9O34)12]36−,
Inorg. Chem. 45, 2866 (2006).

[12] M. A. AlDamen, J. M. Clemente-Juan, E. Coronado, C. Martí-
Gastaldo, and A. Gaita-Ariño, Mononuclear lanthanide single-
molecule magnets based on polyoxometalates, J. Am. Chem.
Soc. 130, 8874 (2008).

[13] J. M. Zadrozny, D. J. Xiao, M. Atanasov, G. J. Long, F.
Grandjean, F. Neese, and J. R. Long, Magnetic blocking in a
linear iron(I) complex, Nat. Chem. 5, 577 (2013).

[14] M. A. Zykin, P. E. Kazin, and M. Jansen, All-inorganic single-
ion magnets in ceramic matrices, Chem. Eur. J. online 26, 8834
(2020).

[15] R. Giraud, W. Wernsdorfer, A. M. Tkachuk, D. Mailly,
and B. Barbara, Nuclear spin driven quantum relaxation in
LiY0.998Ho0.002F4, Phys. Rev. Lett. 87, 057203 (2001).

[16] P. E. Kazin, M. A. Zykin, W. Schnelle, C. Felser, and M.
Jansen, Rich diversity of single-ion magnet features in the linear
OCuIIIO− ion confined in the hexagonal channels of alkaline-
earth phosphate apatites, Chem. Commun. 50, 9325 (2014).

[17] A. Jesche, R. W. McCallum, S. Thimmaiah, J. L. Jacobs,
V. Taufour, A. Kreyssig, R. S. Houk, S. L. Bud’ko, and
P. C. Canfield, Giant magnetic anisotropy and tunnelling of
the magnetization in Li2(Li1−xFex)N, Nat. Commun. 5, 3333
(2014).

[18] M. Fix, J. H. Atkinson, P. C. Canfield, E. del Barco, and A.
Jesche, Extreme field sensitivity of magnetic tunneling in Fe-
doped Li3N, Phys. Rev. Lett. 120, 147202 (2018).

[19] M. S. Huzan, M. Fix, M. Aramini, P. Bencok, J. F. W.
Mosselmans, S. Hayama, F. A. Breitner, L. B. Gee, C. J. Titus,
M.-A. Arrio, A. Jesche, and M. L. Baker, Single-ion magnetism
in the extended solid-state: insights from x-ray absorption and
emission spectroscopy, Chem. Sci. 11, 11801 (2020).

[20] S. A. Bräuninger, A. Jesche, S. Kamusella, F. Seewald, M.
Fix, R. Sarkar, A. A. Zvyagin, and H.-H. Klauss, Magnetic
field tuning of low-energy spin dynamics in the single-
atomic magnet Li2(Li1−xFex )N, Phys. Rev. B 102, 054426
(2020).

[21] B. Barbara, Two bodies are better than one, Nature (London)
421, 32 (2003).

[22] L. Xu, Z. Zangeneh, R. Yadav, S. Avdoshenko, J. van den Brink,
A. Jesche, and L. Hozoi, Spin-reversal energy barriers of 305 K
for Fe2+d6 ions with linear ligand coordination, Nanoscale 9,
10596 (2017).

[23] N. Bloembergen, S. Shapiro, P. S. Pershan, and J. O. Artman,
Cross-relaxation in spin systems, Phys. Rev. 114, 445 (1959).

[24] W. Wernsdorfer, S. Bhaduri, R. Tiron, D. N. Hendrickson, and
G. Christou, Spin-spin cross relaxation in single-molecule mag-
nets, Phys. Rev. Lett. 89, 197201 (2002).

[25] A. Jesche and P. C. Canfield, Single crystal growth from light,
volatile and reactive materials using lithium and calcium flux,
Philos. Mag. 94, 2372 (2014).

[26] J. Banhart, H. Ebert, J. Voitländer, and H. Winter, Diamagnetic
susceptibility of pure metals and binary alloys, J. Magn. Magn.
Mater. 61, 221 (1986).

[27] P. Höhn, S. Hoffmann, J. Hunger, S. Leoni, F. Nitsche, W.
Schnelle, and R. Kniep, β-Ca3N2, a metastable nitride in the
system Ca-N, Chem. Eur. J. 15, 3419 (2009).

[28] J. H. Van Vleck, Quantum mechanics: The key to understanding
magnetism, Science 201, 113 (1978).

[29] J. M. Zadrozny, M. Atanasov, A. M. Bryan, C.-Y. Lin, B. D.
Rekken, P. P. Power, F. Neese, and J. R. Long, Slow magnetiza-
tion dynamics in a series of two-coordinate iron(II) complexes,
Chem. Sci. 4, 125 (2013).

[30] C. Albert, T. J. Ballé, F. A. Breitner, Y. Krupskaya, A.
Alfonsov, Z. Zangeneh, S. Avdoshenko, M. S. Eldeeb, L.
Hozoi, A. Vilangottunjalil, E. Haubold, A. Charnukha, B.
Büchner, A. Jesche, and V. Kataev, Terahertz Magneto-
Optical Excitations of the sd-hybrid states of lithium
nitridocobaltate Li2(Li1−xCox)N, Inorg. Chem. 60, 4497
(2021).

[31] E. Segal and W. E. Wallace, Rare-earth ions in a hexaognal field
I, J. Solid State Chem. 2, 347 (1970).

[32] P. Novák and F. R. Wagner, Electronic structure of lithium
nitridoferrate: Effects of correlation and spin-orbit coupling,
Phys. Rev. B 66, 184434 (2002).

[33] M. S. Huzan, T. G. Burrow, M. Fix, F. A. Breitner, S. K. Chong,
P. Bencok, M. Aramini, A. Jesche, and M. L. Baker, Quan-
tifying the influence of 3d-4s mixing on linearly coordinated
metal-ions by L2,3-edge XAS and XMCD, Chem. Sci. 15, 2433
(2024).

[34] E. M. Chudnovsky and D. A. Garanin, Superradiance from
crystals of molecular nanomagnets, Phys. Rev. Lett. 89, 157201
(2002).

[35] E. M. Chudnovsky and D. A. Garanin, Phonon superradiance
and phonon laser effect in nanomagnets, Phys. Rev. Lett. 93,
257205 (2004).

[36] W. Wernsdorfer, S. Bhaduri, A. Vinslava, and G. Christou,
Landau-Zener tunneling in the presence of weak intermolecular
interactions in a crystal of Mn4 Single-Molecule Magnets, Phys.
Rev. B 72, 214429 (2005).

[37] W. Wernsdorfer, S. Bhaduri, R. Tiron, D. Hendrickson, and
G. Christou, Two-body tunnel transitions in a Mn4 single-
molecule magnet, J. Magn. Magn. Mater. 272–276, 1109
(2004).

[38] C. J. Milios, M. Manoli, G. Rajaraman, A. Mishra, L. E. Budd,
F. White, S. Parsons, W. Wernsdorfer, G. Christou, and E. K.
Brechin, A family of [Mn6] complexes featuring tripodal lig-
ands, Inorg. Chem. 45, 6782 (2006).

[39] E.-C. Yang, W. Wernsdorfer, L. N. Zakharov, Y. Karaki, A.
Yamaguchi, R. M. Isidro, G.-D. Lu, S. A. Wilson, A. L.
Rheingold, H. Ishimoto, and D. N. Hendrickson, Fast magne-
tization tunneling in tetranickel(II) single-molecule magnets,
Inorg. Chem. 45, 529 (2006).

134405-8

https://doi.org/10.1038/nnano.2006.174
https://doi.org/10.1103/PhysRevLett.104.037203
https://doi.org/10.1021/ja029629n
https://doi.org/10.1021/ic051586z
https://doi.org/10.1021/ja801659m
https://doi.org/10.1038/nchem.1630
https://doi.org/10.1002/chem.201905290
https://doi.org/10.1103/PhysRevLett.87.057203
https://doi.org/10.1039/C4CC03966A
https://doi.org/10.1038/ncomms4333
https://doi.org/10.1103/PhysRevLett.120.147202
https://doi.org/10.1039/D0SC03787G
https://doi.org/10.1103/PhysRevB.102.054426
https://doi.org/10.1038/421032a
https://doi.org/10.1039/C7NR03041J
https://doi.org/10.1103/PhysRev.114.445
https://doi.org/10.1103/PhysRevLett.89.197201
https://doi.org/10.1080/14786435.2014.913114
https://doi.org/10.1016/0304-8853(86)90030-2
https://doi.org/10.1002/chem.200801857
https://doi.org/10.1126/science.201.4351.113
https://doi.org/10.1039/C2SC20801F
https://doi.org/10.1021/acs.inorgchem.0c03358
https://doi.org/10.1016/0022-4596(70)90093-9
https://doi.org/10.1103/PhysRevB.66.184434
https://doi.org/10.1039/D3SC06308A
https://doi.org/10.1103/PhysRevLett.89.157201
https://doi.org/10.1103/PhysRevLett.93.257205
https://doi.org/10.1103/PhysRevB.72.214429
https://doi.org/10.1016/j.jmmm.2003.12.041
https://doi.org/10.1021/ic060676g
https://doi.org/10.1021/ic050093r


COOPERATIVE QUANTUM TUNNELING OF THE … PHYSICAL REVIEW B 110, 134405 (2024)

[40] S. Hameury, L. Kayser, R. Pattacini, G. Rogez, W. Wernsdorfer,
and P. Braunstein, Synthesis of cubane-type Ni(II) complexes
from pyridyl-alcohol ligands; their single-molecule magnet be-
haviour, Dalton Trans. 42, 5013 (2013).

[41] L. Vergnani, A.-L. Barra, P. Neugebauer, M. J. Rodriguez-
Douton, R. Sessoli, L. Sorace, W. Wernsdorfer, and A. Cornia,
Magnetic bistability of isolated giant-spin centers in a diamag-
netic crystalline matrix, Chem. Eur. J. 18, 3390 (2012).

[42] J.-D. Compain, P. Mialane, A. Dolbecq, I. M. Mbomekallé,
J. Marrot, F. Sécheresse, E. Rivière, G. Rogez, and W.
Wernsdorfer, Iron polyoxometalate single-molecule magnets,
Angew. Chem. Int. Ed. 48, 3077 (2009).

[43] A. Cornia, M. Mannini, R. Sessoli, and D. Gatteschi, Propeller-
shaped Fe4 and Fe3M molecular nanomagnets: A journey from
crystals to addressable single molecules, Eur. J. Inorg. Chem.
2019, 552 (2019).

[44] R. Giraud, A. M. Tkachuk, and B. Barbara, Quantum dynamics
of atomic magnets: Cotunneling and dipolar-biased tunneling,
Phys. Rev. Lett. 91, 257204 (2003).

[45] B. Barbara, R. Giraud, W. Wernsdorfer, D. Mailly,
P. Lejay, A. Tkachuk, and H. Suzuki, Evidence for

resonant magnetic tunneling of rare-earth ions: From insulating
to metallic matrix, J. Magn. Magn. Mater. 272–276, 1024
(2004).

[46] M. Fix, A. Jesche, S. G. Jantz, S. A. Bräuninger, H.-H. Klauss,
R. S. Manna, I. M. Pietsch, H. A. Höppe, and P. C. Canfield,
Ferromagnetism versus slow paramagnetic relaxation in Fe-
doped Li3N, Phys. Rev. B 97, 064419 (2018).

[47] N. Ishikawa, M. Sugita, and W. Wernsdorfer, Nuclear spin
driven quantum tunneling of magnetization in a new lanthanide
single-molecule magnet: BiS(phthalocyaninato)holmium an-
ion, J. Am. Chem. Soc. 127, 3650 (2005).

[48] J. Klatyk, W. Schnelle, F. R. Wagner, R. Niewa, P. Novák,
R. Kniep, M. Waldeck, V. Ksenofontov, and P. Gütlich, Large
orbital moments and internal magnetic fields in lithium nitrido-
ferrate(I), Phys. Rev. Lett. 88, 207202 (2002).

[49] C. R. Harris, K. J. Millman, S. J. van der Walt, R. Gommers,
P. Virtanen, D. Cournapeau, E. Wieser, J. Taylor, S. Berg, N.
J. Smith, R. Kern, M. Picus, S. Hoyer, M. H. van Kerkwijk,
M. Brett, A. Haldane, J. F. del Río, M. Wiebe, P. Peterson, P.
Gérard-Marchant, K. Sheppard et al., Array programming with
NumPy, Nature (London) 585, 357 (2020).

134405-9

https://doi.org/10.1039/c3dt32869d
https://doi.org/10.1002/chem.201103251
https://doi.org/10.1002/anie.200900117
https://doi.org/10.1002/ejic.201801266
https://doi.org/10.1103/PhysRevLett.91.257204
https://doi.org/10.1016/j.jmmm.2003.12.654
https://doi.org/10.1103/PhysRevB.97.064419
https://doi.org/10.1021/ja0428661
https://doi.org/10.1103/PhysRevLett.88.207202
https://doi.org/10.1038/s41586-020-2649-2

	Cooperative quantum tunneling of the magnetization in Fe-doped Li3N
	M. Fix, J. H. Atkinson, F. Müller, E. del Barco, Anton Jesche
	Nutzungsbedingungen / Terms of use:
	licgercopyright  


