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Precise cryogenic thermometry (<10 K) in single-molecule magnets (SMMs) remains a critical challenge, as
conventional approaches often suffer from poor sensitivity and limited applicability. To address this, we
present a hysteresis-based thermometry approach with a Dy()-SMM, which leverages key magnetic
parameters from hysteresis loops to provide a sensitive alternative. Three distinct hysteresis parameters —
saturation magnetisation (Ms), remanent magnetisation (Mg), and loop area (A) — have been used in the
2—-8 K regime for thermometry. All three parameters decrease monotonically with increasing temperature,
and this temperature dependence results in excellent relative thermal sensitivities (S,), following the trend

Received 26th September 2025, SP > SR > S° Furthermore, scan rate-dependent analyses have been performed, showing negligible varia-

Accepted 19th December 2025 tions across different sweep rates, confirming the stability of the thermometric response under varying scan
DOI: 10.1039/d5tc03535j conditions. This work represents the first demonstration of hysteresis-based thermometry in SMMs, providing

a versatile route for cryogenic sensing by utilising the intrinsic magnetisation dynamics, with promising impli-
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Introduction

Single-molecule magnets (SMMs) have emerged as promising
candidates for next-generation quantum technologies, includ-
ing quantum information processing, molecular spintronics,
and high-density data storage."™® Their unique ability to retain
magnetisation at the molecular level, coupled with tunable
magnetic relaxation dynamics, makes them attractive building
blocks for nanoscale devices.”*® However, most of the SMMs
operate intrinsically in the cryogenic regime, where spin relaxa-
tion is sufficiently slow to sustain the quantum coherence."’>°
Precise thermometry below 10 K is particularly important
in this regard as (i) in this region, small thermal fluctuations
can strongly influence magnetic relaxation pathways, quantum
tunnelling rates, and spin-phonon interactions,' critically
affecting the physical behaviour of SMMs; (ii) from a technolo-
gical perspective, accurate sub-10 K temperature readout is
essential for calibration and reliable operation of cryogenic
quantum devices and low-temperature magnetic memory
systems.*’>* Traditional approaches to temperature sensing
in SMMs have relied mostly on luminescence thermometry
(based on emission band shift, lifetime, intensity, etc.).>*™*>
Recently, magneto-thermometry using relaxation time (7), mag-
netic susceptibility (y),** magneto-chiral dichroism (MCD),"”
and magnetic circularly polarised luminescence (MCPL)** has
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cations for quantum and low-temperature device applications.

also been reported. While these methods have been successful
at moderate cryogenic as well as high temperatures, their
sensitivity and reliability often deteriorate below 10 K. For
example, below 10 K, luminescence thermometry faces chal-
lenges due to reduced Boltzmann redistribution,*> magneto-
thermometry using 1/y fails below 10 K due to deviation from
Curie behaviour (<10 K magnetic anisotropy dominates), and
magneto-thermometry using t fails due to the dominance of
temperature-independent relaxation, such as quantum tunnel-
ling of magnetisation (QTM).** MCD-based thermometry has a
strong dependence on transmission geometry and magnetic
field stability, making real-life implementation technically
challenging, and it is further restricted to SMMs that exhibit
MCD, thereby narrowing its applicability.'” Thus, there is a
pressing need for innovative thermometry strategies specifi-
cally tailored to the deep-cryogenic (sub-10 K) regime, which
can provide an intrinsic, reliable, and sensitive readout of
temperature without the limitations of existing methods.
Herein, we introduce a hysteresis-based thermometry strategy
that exploits the intrinsic temperature dependence of magnetic
hysteresis loop characteristics as thermal markers. For this pur-
pose, we employed the air-stable SMM Dy(BBPEN)CI*® (H,BBPEN =
N,N'-bis(2-hydroxybenzyl)-N,N'-(2-pyridylmethyl)ethylenediamine,
complex 1; Fig. 1). Complex 1 shows a Uey of 708 K and is
particularly suited for such studies owing to its chemical stability
(air- and moisture-stable) and the presence of well-defined, pro-
nounced hysteresis loops up to 8 K, as previously reported by Tong
and co-workers.'® Parameters such as saturation magnetisation
(Ms), remanent magnetisation (Mg), and loop area (4) extracted
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Fig. 1 (a) The molecular structure of complex 1 and (b) variable tempera-
ture hysteresis in the 2—8 K temperature range (200 Oe s7%) (colour code:
Dy — cyan, C — grey, N — blue, O — red, Cl — green, H — light blue).

from the hysteresis data have a strong possibility of showing
temperature dependence, as faster magnetic relaxation at elevated
temperatures progressively diminishes their values.*” This strategy
is conceptually straightforward and directly correlates with the slow
relaxation dynamics that define SMM behaviour. However, it is not
intended to replace luminescence thermometry, which remains
simpler and more sensitive whenever strong optical signals and
optical access are available, particularly above ~10 K. The value of
the present approach lies in situations where optical readout is
impractical, such as non-emissive or quenched complexes, or
cryogenic device environments where optical access and direct
thermometry are difficult. We have used SQUID here solely as a
stable calibration platform; the concept can be transferred to
miniaturised magnetic sensors (micro-Hall probes, nanoSQUIDs,
and magneto-optical or NV-based readouts) in the future. The main
limitations lie in the inherent collapse of hysteresis above the
blocking temperature and the need for consistent sweep protocols.
Thus, this method should be viewed as a complementary,
cryogenic-range thermometric tool rather than a universal alter-
native to optical approaches (details in the SI, Section S6). Since
hysteresis properties can be influenced by the magnetic field scan
rate, we carried out a systematic scan rate-dependent study to
assess the robustness of the method. The analysis shows that
although the parameters exhibit minor scan-rate dependence, they
follow the same trend and can be reliably employed for thermo-
metry when the scan rate is kept constant. At all scan rates, we
observed remanent magnetisation and loop area providing superior
sensitivity compared to saturation magnetisation. This proof-of-
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concept study highlights hysteresis-based thermometry as a pro-
mising novel strategy for cryogenic sensing in SMMs.

Results and discussion

Complex 1 was synthesised following the reported literature
procedure*® and characterised by single-crystal X-ray diffraction
(SC-XRD), IR spectroscopy (Fig. S1, SI), powder XRD (Fig. S2, SI),
and thermogravimetric analysis (TGA; Fig. S3, SI). The hyster-
esis data were recorded at a 200 Oe s~ scan rate for complex 1.
The magnetic hysteresis loops (Fig. 1 and Fig. S4, SI) remain
open at zero field up to 8 K. The corresponding thermometry
parameters, such as saturation magnetisation (Ms), remanent
magnetisation (M), and loop area (4), were extracted from the
hysteresis data (details in the SI).*” Mg and A showed a mono-
tonic decrease with an increase in temperature (7) from 2 to 8 K
(Fig. 2 and Fig. S5, SI). This reduction occurs because higher
temperatures accelerate magnetic relaxation processes, allow-
ing the spins to realign more rapidly with the applied magnetic
field, resulting in a smaller saturation value and an enclosed
area.’” However, in the case of Mg, a shallow maximum is
observed around 2.5 K (Mg at 2.5 K exceeds that at 2.0 K, after
which it decreases monotonically with temperature; Fig. S5, SI).
This low-T dip might be attributed to efficient zero-field QTM at
2.0 K.*® A slight increase in temperature reduces the exact
resonance condition at H ~ 0, yielding higher My at 2.5 K.
Above 2.5 K, My further decreases as thermally assisted relaxa-
tion starts to dominate at higher T (Fig. S5a, SI). For calibrating
the temperature dependence of the thermometry parameters,
we employed eqn (1) (Tables S1-S3, SI):
A — 4,

#TO) ®

A=A+
1
ror

where 4, and 4, are the values of thermometry parameters at
low and high temperatures, respectively; T, is the midpoint
temperature at which the transition occurs; and dT is the width
of the transition (representing steepness). For saturation mag-
netisation (Ms), the entire 2-8 K temperature range was used for
fitting. In contrast, for remanent magnetisation (Mg) and
hysteresis loop area (4), the fitting was restricted to the ranges
of 2.5-7 K and 2-6 K, respectively (Fig. 2 and Fig. S5, SI). This
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Fig. 2 The temperature dependence of the thermometry parameters: (a) saturation magnetisation, (b) remanent magnetisation, and (c) area fitted to

eqn (1) in OriginPro.
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restriction was necessary because, outside these temperature
windows, the parameter values drop to below ~10% of
their maximum, rendering the signal comparable to the
experimental noise and thereby leading to unstable and non-
reproducible fits. The relative thermal sensitivity (S,) and
temperature uncertainty (Jr) were calculated using eqn (S1)
and (S2) in the SI. The temperature-dependent hysteresis-
based parameters reveal distinct thermometry behaviour. For
saturation magnetisation, the relative sensitivity (S;) initially
increases with temperature, attaining a maximum of 1.8% K"
at 7.14 K, before gradually decreasing at higher temperatures
(Fig. 3a). Importantly, S; remains above the 1% K * threshold
throughout the 3.92-8 K range, confirming its reliability in this
temperature window. A comparable trend is observed for the
remanent magnetisation-based sensitivity (S¥), which reaches a
maximum of 93.6% K ' at 4.2 K (Fig. 3b) with S8 > 1% K '
across the entire 2.5-7 K range, underscoring its robustness as
a thermometry parameter. In contrast, the loop area-derived
sensitivity exhibits a monotonic increase from 2 to 6 K, peaking
with 96.4% K ' at 6 K (Fig. 3c). Throughout this interval,
S# continuously remains above 1% K, making the loop area
a highly effective parameter for precise thermometry.

Overall, these results show that while saturation magnetisa-
tion provides moderate sensitivity across a broad temperature
range, the loop area uniquely combines high sensitivity with
wide applicability, making it the most versatile parameter for
practical thermometry. Across all three approaches, the tem-
perature uncertainty remained below 0.1 K, highlighting the
accuracy of the hysteresis-based thermometry. From the overall
analysis, a clear trend in thermal sensitivity is observed: loop
area (S7) > remanent magnetisation (SX) > saturation magne-
tisation (S}). This hierarchy can be understood by considering
how much each parameter reflects the magnetisation changes.
The loop area, as an integrated measure of the full hysteresis
cycle, exhibits the highest sensitivity since thermal activation
simultaneously modulates multiple magnetisation features. In
contrast, remanent magnetisation reflects only the zero-field
point, capturing a narrower thermal response. Saturation magne-
tisation is least sensitive, as strong fields align most spins, leaving
thermal fluctuations with only a minor influence on the net
magnetisation and thus the smallest relative temperature depen-
dence. To check the applicability of our approach to other classes
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Fig. 4 Variable scan rate hysteresis data of complex 1 at 2 K. The inset

shows that a slower scan rate yields a smaller loop compared to a faster
scan rate.

of SMMs, we synthesised [Dy(Lpnen")(Ph3Si0),](PFs) (complex 2),
as reported by Armenis et al.*® The hysteresis-based thermometry
for complex 2 yielded an 85, of 1.1% K * (at 4.3 K) and an Sk, of
31% K ' (at 3.6 K) (details in the SI, Fig. S9 and S10).

To further establish the broader applicability of hysteresis-
based thermometry, we conducted scan-rate-dependent studies
(20/100/200/300 Oe s~ ') on complex 1 (Fig. 4 and Fig. S4, SI).
Such an analysis is necessary because all these thermometry
parameters are intrinsically governed by magnetic relaxation
dynamics, and their quantitative values can vary depending on
the applied scan rate. By systematically varying the scan rate, we
can assess whether (a) the thermometry parameters exhibit
consistent trends, (b) the hierarchy (Sf > SF > S3) is preserved
across all scan rates, and (c) the approach remains valid under
different measurement conditions. Together, these evaluations
will provide a measure of the approach’s overall robustness.

All three parameters exhibit comparable temperature-
dependent trends for complex 1, with only modest changes in
their absolute values (Fig. 5 and Fig. S6-S8, SI). For saturation
magnetisation (M;), no difference is observed between 20, 100
and 200 Oe s, indicating that Dy** moments fully align before
significant relaxation occurs (Fig. 5a). This points to a scan-rate
threshold below which the process remains quasi-equilibrated.
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Fig. 3 The temperature dependence of the relative thermal sensitivity and temperature uncertainty in complex 1 corresponding to (a) saturation

magnetisation, (b) remanent magnetisation, and (c) loop area.
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Fig. 5 (a)—(c) Scan rate dependence of the thermometry parameters. (d)—(f) The temperature dependence of the relative thermal sensitivity under

different scan rates (scan rates: 20, 100, 200, and 300 Oe s73).

At higher rates (e.g., 300 Oe s~ '), the field change outpaces spin
alignment, causing a slight reduction in M. Remanent magne-
tisation (M;) shows only minor, non-systematic variations at
scan rates in the range of 20-300 Oe s, with modest scattering
at 2-4 K (Fig. 5b). In contrast, the loop area is moderately
scan-rate dependent (Fig. 5¢), where slower sweeps (20 and 100
Oe s ') allow greater relaxation and yield narrower loops,
whereas faster sweeps (200 and 300 Oe s~ ') produce broader
loops with a larger area.”® To assess the reliability of the
approach, we compared S, as a function of temperature at
different scan rates (Table S4 and Fig. 5). All parameters show
consistent profiles, confirming that the response is intrinsic to
relaxation dynamics. Among them, the loop area is the most
reproducible, with negligible scan-rate dependence, establish-
ing it as the most reliable metric for cryogenic thermometry.
The reported sensitivities for complex 1 are competitive with,
and in some cases superior to, those reported for lumines-
cence, MCD-based, and MCPL-based thermometry, highlight-
ing the efficiency of hysteresis-loop features for cryogenic
sensing (Table 1 and Fig. S5, SI).

Conclusions

This study presents a proof of concept showing that hysteresis-
loop characteristics can act as intrinsic markers for thermo-
metry in Dy-based SMMs. It reduces the need for modi-
fication of molecular design by incorporating other compli-
cated properties, such as MCD or luminescence, in SMMs. By
systematically analysing the relative sensitivities of saturation
magnetisation, remanent magnetisation, and loop area, we
obtained excellent magnetothermal sensitivities in the 2-8 K
cryogenic range. Validating their applicability across different
scan rates, we establish the loop area as the most reliable
parameter for thermal readout. These findings provide new
insight into the relaxation-governed thermal response of the
system, while highlighting hysteresis-derived observables as a
promising route for integrating molecular magnetism with
precision low-temperature sensing. Looking forward, this
approach could be relevant for device applications, such as
calibration in dilution refrigerators or on-chip cryogenic tem-
perature sensors.

Table 1 List of single-molecule magnets showing thermometry below 10 K

Formulae Smax (Tmax) T range (S; > 1% K ) Thermometry technique used Ref.
[Dyngpm)(tfaa)e] 1.8 (5.4) 5.4-85.5 Luminescence 30
{[Ho"(4- pyridone),(H,0),]
[Co(CN)G‘]:‘»'nHZO 6.9 (40) 2-140 Luminescence 51
{Tb™[Co™(CN)¢]} 5.28 (16) 6-92 Luminescence 42
[Ho(acac);(phen)] 95.3 (2.54) 1.55-5 Magnetic circular dichroism (MCD) 44
[Dy(bbpen)Cl] 1.9 (7.7) from My 3.7-8 Hysteresis-based magneto-thermometry This work
93.8 (4.5) from My 2.5-7
97.7 (6) from A 2-6
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