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Abstract
Out-of-equilibrium investigation of strongly correlated materials deciphers the hidden
equilibrium properties. Herein, we have investigated the out-of-equilibrium magnetic properties
of polycrystalline Dy2Ti2O7 and Ho2Ti2O7 spin ices. Our experimental findings reveal the
emergence of magnetic field-induced anomalous hysteresis observed solely in temperature-and
magnetic field-dependent AC susceptibility measurements. The observed memory effect
(anomalous thermomagnetic hysteresis) exhibits a strong dependence on both thermal and
non-thermal driving variables. Owing to the non-collinear spin structure, the applied DC bias
magnetic field produces quenched disorder sites in the cooperative Ising spin matrix and
suppresses the spin–phonon coupling. These quench disorders create a dynamic spin
correlation, having slow spin relaxation and quick decay time, which additionally contribute to
AC susceptibility. The initial conditions and measurement protocol decide the magnitude and
sign of this dynamical term contributing to AC susceptibility. It is being suggested that such
out-of-equilibrium properties arise from the combined influences of geometric frustration,
disorder, and the cooperative nature of spin dynamics exhibited by these materials.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Armed with an in-depth understanding of the exciting proper-
ties of topological materials, new design concepts are being
developed to emulate alternate computing devices [1–4].
Geometrically frustrated Dy2Ti2O7 (DTO) and Ho2Ti2O7

(HTO) pyrochlore oxides are one of them and are known
for their low-temperature exotic behavior. In these materials,
Ho/Dy ions occupy the lattice of corner-sharing tetrahedra

∗
Author to whom any correspondence should be addressed.

of the Fd 3̄ m space group. A strong crystal field constraints
the Ho/Dy spin along their local <111> crystallographic dir-
ection, such that each spin points towards the centre of the
corner shared tetrahedron and behaves Ising-like [5, 6]. Below
4 K, long-range dipolar interactions stabilize the spin ice state
where spins follow a 2in-2out correlation in each tetrahedron
[7, 8]. Based on previous findings, spin dynamics of these
materials can be categorized into three regimes: (i) a high-
temperature paramagnetic phase at temperatures>13 Kwhere
dynamics is well-described by an Arrhenius law; (ii) an inter-
mediate regime from 2 to 13 K where the dominant relaxa-
tion mechanism is single-ion quantum tunnelling leading to
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a temperature-independent relaxation rate; and (iii) a spin-ice
regime below 2 K, where relaxation is driven by the creation
and diffusion of magnetic monopoles and the relaxation time
increases as the temperature is reduced until the dynamics
freeze out for experimental timescales around 0.6 K [7, 9–12].

Recently, Samarakoon et al performed a low-temperature
ultrasensitive magnetic noise experiment on DTO, revealing
that out-of-equilibrium spin dynamics show cooperative and
memory effect behavior [13]. The observed effect is associ-
ated with the formation of the magnetic monopoles in the
spin ice ground state, suppressing the dynamics of the quarter
of spins [14, 15]. Savary and Balents [16] investigated the
role of disorder in spin ices and proposed the formation of
disorder-induced spin liquid-like states in HTO. In a previ-
ous study, we also observed anomalous thermal hysteresis in
DC magnetic field biased AC susceptibility measurements,
which shows a strong dependence on driving frequency [17].
However, the origin and responsible phenomena of observed
hysteresis, existed up to the high-temperature paramagnetic
phase, is still unknown. Herein, we have systematically invest-
igated the magnetic and dielectric properties of DTO and
HTO in different measurement protocols. Experimental find-
ings reveal that dynamic magnetic properties in these materi-
als have distinct behavior in equilibrium and non-equilibrium
states, which have been discussed in detail with their possible
origins.

2. Experimental details

High-quality polycrystalline Dy2Ti2O7 (DTO) and Ho2Ti2O7

(HTO) samples have been used for the magnetic and
dielectric measurements. Samples synthesis, phase pur-
ity, and their structural details have already been repor-
ted in [18–20]. Magnetic measurements are performed
using Magnetic Properties Measurement System (MPMS-3)®

(Quantum Design, Inc.) USA. The samples used were
powder and mounted in a brass holder for the meas-
urements. The temperature sweep rate was kept fixed at
@1.5 K min−1 while varying the other non-thermal vari-
ables for all the temperature-dependent measurements. Low-
temperature magnetodielectric measurements of DTO were
performed using an Agilent E4980A LCR meter interfaced
with Physical Properties Measurement System (PPMS-3)®

(Evercool Quantum Design, Inc.) USA.

3. Results

Figures 1(a) and (b) shows the temperature-dependent real part
of AC susceptibility (χ′(T)) measured for DTO in field-cooled
cooling (FCC) and field-cooled warming (FCW) mode for
varying AC variables. Figure 1(a) illustrates the χ′(T) beha-
vior in FCC and FCWmode measured at 1.5 Oe AC amplitude
(Hac) for different frequencies (f ). Below 4 K, FCC and FCW
of χ′(T) show a weak frequency-dependent thermal hysteresis
defined as ∆χ ′ (T) = χ ′(T)FCC −χ ′(T)FCW. Herewith, below
2.4 K, a frequency-dependent crossover in∆χ′(T) is observed
for the measured frequency range. For clarity, we denote this

Figure 1. For Dy2Ti2O7 (a) Temperature-dependent real part of AC
susceptibility (χ′) measured in FCC (solid symbol (with line as a
guide to the eye)) and FCW (open symbol (with dashed line as a
guide to the eye)) mode at 1.5 Oe AC amplitude for different
frequencies. Inset shows the variation in the crossover temperature
(TCross) with frequency. (b) Temperature-dependent χ′ measured in
FCC and FCW mode at 98.3 Hz for different AC amplitudes. The
inset shows the variation in the TCross with AC amplitude.

hysteresis as an anomalous hysteresis (∆χ ′
A (T)). Below the

crossover temperature (TCross),∆χ′(T) changes its sign, trans-
itioning negative to positive. Additionally, with increasing fre-
quency, TCross demonstrates a peculiar increase up to 298.3 Hz,
beyond which no significant changes in TCross are observed for
higher frequencies.

Figure 1(b) illustrates the FCC and FCW of χ′(T) plot,
showcasing the results obtained for selected AC amplitudes
of 0.5, 3, and 9 Oe, measured at a frequency of 98.3 Hz. The
corresponding χ′(T) plot measured at different Hac in FCC
and FCWmodes are provided in figure S1 of the supplemental
information file. In this measurement, we do not observe any
significant change in the magnitude of ∆χ′(T), similar to the
behavior observed in χ′(T) measured at various frequencies. It
has been found that the crossover temperature, TCross, exhibits

2



J. Phys.: Condens. Matter 35 (2023) 495601 P K Yadav et al

insignificant change up to 5 Oe Hac, but it decreases abruptly
for higher Hac values. Notably, we find this crossover in χ′(T)
only, and TCross shows an inverse relationship with increasing
frequency and Hac. A similar thermal hysteresis behavior is
noted in temperature-dependent magnetization (M(T)) meas-
urement, conducted in both FCC and FCW mode at different
DC bias magnetic field. It has been observed that thermal hys-
teresis emerges below 5 K and increases as the temperature
decreases without any crossover. Interestingly, a comparable
M(T) behavior is also observed for HTO. The M(T) behavior
of DTO andHTO are provided in figure S2 of the supplemental
information file. The Inset of figures 1(a) and (b) shows the f
andHac dependent variation in TCross and its fit using the expo-
nential decay equation given by:

TCross (f) = A× exp(−R×χ ′ (f) (1)

TCross (Hac) = A× exp(−R×χ ′ (Hac) . (2)

In equations (1) and (2), A and R are the fixed variables
representing the amplitude and decay constant, respectively.
The derived values of A and R from TCross vs frequency fit
are −0.58 ± 0.024 K and (1.217 ± 0.004) × 10−2 Oe/emu,
respectively. Whereas, for TCross vs Hac fit, derived val-
ues of A and R are (−3.68 ± 0.05) × 10−5 K and
(−89.8 ± 0.1) × 10−2 Oe/emu, respectively. A similar meas-
urement protocol has been followed to conduct ACχ(T) meas-
urement for HTO and given in figure S3 of the supplemental
information file. In χ′(T) of HTO, we do not observe any cros-
sover within the measured f andHac range, and it exhibits sim-
ilar hysteresis behavior as observed inM(T). In theχ(T) meas-
urements of both DTO and HTO, the magnitudes of ∆χ′(T)
do not show any significant change with applied f and Hac AC
variables. The absence of crossover in χ′(T) of HTO is quite
intriguing because both DTO and HTO structurally and mag-
netically mimic each other. In both compounds, Ising doublets
ground state of Dy3+ and Ho3+ ions are separated from the
first excited state more than 100 K due to the strong crys-
tal field anisotropy acting along the <111> direction [5, 21].
The deduced values of nearest-neighbour magnetic dipolar
(Dnn) and exchange (Jnn) interactions are 2.35 K and−1.24 K,
respectively, for DTO [8] and 2.4 K and 0.5 K, respectively, for
HTO [5, 12]. Due to the dominance of ferromagnetic dipolar
interaction, both DTO and HTO form exotic spin ice state
below 4K.However, due to theKramer nature of theDy3+ ion,
the magnitude of the local transverse field formed by magnetic
ions is smaller in DTO than HTO [12, 22] It possibly leads
DTO to possess a slower spin relaxation time (∼ms) than HTO
(∼ns) [11, 23, 24]. The absence of crossover in∆χ′(T) inHTO
indicates that order of relaxation time of the spin dynamics
also play a significant role, in addition to the effective dipolar
interaction, in the observed behavior.

To get deeper insight into the observed crossover in AC
χ′(T), we conduct AC χ(T) measurements at various DC bias
magnetic fields (Hdc). Figure 2 shows the χ′(T) measured in
FCC and FCW mode for DTO at different Hdc. Interestingly,
we noticed that Tcross increases with an increase in Hdc up to

Figure 2. For Dy2Ti2O7; Temperature-dependent real part of AC
susceptibility (χ′(T)) measured in FCC (solid symbol (with line as a
guide to the eye)) and FCW (open symbol (with dashed line as a
guide to the eye)) modes for; 0, 0.005, and 0.01 T (a) and 0, 0.025,
and 0.05 T (b) DC bias magnetic field (Hdc) at 98.3 Hz and 1.5 Oe
AC variables. Inset (I) of figure (a) shows the zoomed view of χ′(T)
measured for 0, 0.005, and 0.01 T, Hdc, and Inset (II) of figure
(a) shows the linear variation in crossover temperature (TCross) with
Hdc.

0.01 T (inset (I) of figure 2(a). However, upon further increas-
ing Hdc, TCross expands abruptly with a simultaneous increase
in the magnitude of ∆χ ′

A (T) (figure 2(b). Notably, for Hdc

below 0.025 T, Tcross exhibits a linear relationship with Hdc

(inset (II) of figure 2(a)).
Next, we focused on measuring χ(T) at 0.6 T DC biased

magnetic field at various Hac. In previous study, we observed
that χ ′

A (T) reached its maximum magnitude at 0.6 T Hdc and
followed an exponential decaying behavior with frequency
(figure S5 in the supplemental information file)) [17]. Figure 3
illustrates the χ′(T) measured in FCC and FCW modes at 0.6
Hdc for different Hac. It is worth noting that χ ′

A (T) exhib-
its a strong dependence on Hac, and its behavior follows an
exponential decay with increasing Hac (inset of figure 3).
A similar observation has been found for HTO (figure S4
(supplemental information file)). These findings confirm the
significant influence of the AC variables on χ ′

A (T) in both
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Figure 3. Temperature-dependent real part of AC susceptibility
(χ′(T)) measured in FCC (solid symbol (with line as a guide to the
eye)) and FCW (open symbol (with dashed line as a guide to the
eye)) modes at 98.3 Hz frequency for different AC amplitudes (Hac)
in the presence of 0.6 T and inset shows the exponential fit of Hac

dependent anomalous thermal hysteresis (∆χ ′
A (T)) at 4 K.

DTO and HTO. Intriguingly, when we examined unbiasedHdc

condition, the magnitudes of∆χ(T) do not show any signific-
ant changes with AC variables in both compounds.

In order to investigate the potential origin of the anomalous
change in the thermal hysteresis and its sensitivity to temper-
ature sweep rates for both unbiased and biased Hdc, we per-
formed AC χ(T) in FCC and FCW modes at different temper-
ature sweep rates. The figure 4 depicting the χ′(T) in FCC and
FCW modes measured at different temperature sweep rates.
Notably, the magnitude of ∆χ′(T) (observed <4 K) meas-
ured at 0 T Hdc remains nearly unaffected by the temperat-
ure sweep rates (figure 4(a)). Contrary to this, at 0.6 T Hdc

AC χ(T) measurement, the magnitude of ∆χ ′
A (T) exhibits a

linear relationship with temperature sweep rates (figure 4(b)).
To better understand this behavior, figure 5 displays the tem-
perature sweep rate dependence of ∆χ ′

A (T) and its linear fit.
Remarkably, the slope of the line changes with varying tem-
peratures. Specifically, as the temperature decreases, the slope
linearly increases up to ∼2.5 K, beyond which it decreases
(see inset of figure 5). It has been found that slope of the
line changes with varying the temperature. A similar trend
was observed for temperature-dependent ∆χ ′

A (T) in previ-
ous work [17]. These findings suggest that the magnitude of
∆χ ′

A (T) is suppressed as the temperature increases.
Next, we performed the magnetic field-dependent AC sus-

ceptibility measurement (χ(H)) for DTO and HTO by sweep-
ing the Hdc up to 1.5 T (and cycled back) at a constant tem-
perature 4 K. Figure 6 shows the magnetic field-dependent
real part of AC susceptibility (χ′(H)) measured at 98.3 Hz
frequency and 1.5 Oe Hac at 4 K. The measurements were
carried out for DTO in three different magnetic sweep rate
modes: stabilized, 50 Oe s−1, and 100 Oe s−1. In both the
50 Oe s−1 and 100 Oe s−1 continuous magnetic field sweep

Figure 4. For Dy2Ti2O7; Temperature-dependent real part of AC
susceptibility (χ′(T)) measured in FCC (solid symbol (with line as a
guide to the eye) and FCW (open symbol (with dashed line as a
guide to the eye)) modes at 98.3 Hz and 1.5 Oe AC amplitude for
different temperature sweep rates in the presence of 0 T (a) and
0.6 T (b) DC bias magnetic field.

mode, the measurements show magnetic hysteresis between
the forward and backward modes. Whereas in the stabilized
mode measurement, where measurement occurs after stabil-
ization of the magnetic field at each set point, we do not
observe any magnetic hysteresis. The value of magnetic hys-
teresis (∆χ′(H)) is calculated as the difference between the
forward and backward χ′(H), i.e., ∆χ ′ (H) = χ ′(H)Forward −
χ ′(H)Backward. Notably, we made interesting observations dur-
ing the backward (1.5 T → 0 T) magnetic field sweeping at
both 50 Oe s−1 and 100 Oe s−1 sweep rates. A crossover point
was observed at∼0.1 T, belowwhich∆χ′(H) changed its sign,
akin to the behavior of ∆χ′(T).

Figure 6(b) shows the magnetic field sweep rate depend-
ent variation in ∆χ′(H) at 4 K for different magnetic fields
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Figure 5. For Dy2Ti2O7; Temperature sweep rate dependent
variation in anomalous thermal hysteresis (∆χ ′

A (T)) measured at
0.6 T DC bias magnetic field and its linear fit at different
temperatures. Inset shows the temperature-dependent variation in
the slope obtained from the linear fit.

for DTO. Interestingly, up to 0.15 T, ∆χ′(H) exhibits a com-
plex behavior, characterized by a decrease in the magnitude at
higher magnetic field sweep rates. At higher magnetic fields
(>0.15 T), ∆χ′(H) shows a linear increase with magnetic
field sweep rate akin to the ∆χ ′

A (T) variation with temper-
ature sweep rate. A similar behavior is observed for HTO and
provided in figure S7(a) of the supplemental information file.
For further investigation, we conduct χ(H) in forward and
backward modes at 1.5 Oe Hac for 98.3 Hz and 498.3 Hz fre-
quencies. Inset of figure 6(a) illustrates the χ′(H) variation in
forward and backward sweep modes at 98.3 Hz and 498.3 Hz
frequencies. Notably, frequency shows significant impact on
the magnitude of ∆χ′(H), akin to the behavior of ∆χ ′

A (T)
with varying AC variable. These findings confirm that, just
like the dependency of ∆χ ′

A (T) on AC variables and temper-
ature sweep rate, ∆χ′(H) also exhibits a dependency on the
AC variables (f ) and magnetic field sweep rate.

To investigate the influence of temperature on ∆χ′(H), we
performed the cyclic χ(H) measurements at different temper-
atures. Figure 7(a) shows the magnetic field-dependent χ′(H)
measured in forward and backward sweep modes at differ-
ent temperatures. The measurement depicts that crossover in
the ∆χ′(H) occurs only ⩾4 K. For clarity, we have shown
it in the inset of figure 7(a). A similar observation has been
observed in HTO and given in figure S6 of the supplemental
information file. Furthermore, in figure 7(b), we have shown
the temperature-dependent variation in ∆χ′(H) at different
magnetic fields for DTO. At 0.05 T magnetic field, ∆χ′(H)
exhibits positive values below 4 K, but above this threshold,
it undergoes a sign change up to 0.15 T magnetic field. For
higher magnetic field, ∆χ′(H) do not show any crossover and
exhibits a linear behavior with temperature.

Figure 6. For Dy2Ti2O7; (a) Magnetic field-dependent real part of
AC susceptibility (χ′(T)) measured in forward 0 → 1.5 T (solid
symbol (with line as a guide to the eye)) and backward 1.5 → 0 T
(open symbol (with dashed line as a guide to the eye)) modes at
98.3 Hz and 1.5 Oe in stabilized, 50 Oe s−1, and 100 Oe s−1 sweep
rates at 4 K. Inset shows the χ′(Hdc) measured in forward and
backward field sweep modes for 98.3 Hz and 498.3 Hz frequencies
at 4 K. (b) Magnetic field sweep rate-dependent variation in the
magnetic hysteresis (∆χ′(H)) measured at different magnetic fields
at 4 K.

The observed temperature and magnetic field sweep rate
dependence of anomalous hysteresis indicates that the exist-
ing phonon-mediated spin-flipping mechanism [25–28] gets
altered by biased Hdc. For investigation, we performed
the temperature-and magnetic field-dependent dielectric per-
mittivity (ε) measurement for DTO. Figure 8(a) shows
the temperature-dependent real part of dielectric permit-
tivity (ε′(T)) measured at different Hdc. In the ε′(T) plot
(figure 8(a)), we observe two successive relaxations at∼7.5 K
and 4 K. Furthermore, below 4 K, we observed thermal hyster-
esis between cooling andwarmingmeasurementmode, similar
to theM(T) and χ′(T, Hdc = 0 T) magnetic measurements. The

5



J. Phys.: Condens. Matter 35 (2023) 495601 P K Yadav et al

Figure 7. For Dy2Ti2O7; (a) Magnetic field-dependent real part of
AC susceptibility (χ′) measured in forward 0 → 1.5 T (solid symbol
(with line as a guide to the eye)) and backward 1.5 → 0 T (open
symbol (with dashed line as a guide to the eye)) magnetic field
sweep modes at 98.3 Hz frequency and 1.5 Oe AC amplitude for
different temperatures. Inset shows the emergence of crossover at
∼0.2 T in forward and backward χ′(H) measured at 4 K.
(b) Temperature-dependent variation in ∆χ′ at different DC
magnetic fields.

application of Hdc causes an abrupt increase in the magnitude
of ε′(T), along with a slight shift in both relaxation temperat-
ures towards the higher temperature. As Hdc increases further,
the thermal hysteresis in ε′(T) expands its temperature range,
while its magnitude gradually decreases. Figure 8(b) shows
themagnetic field-dependent real part of dielectric permittivity
(ε′(H)) measured at different temperatures. In this measure-
ment, ε′(H) exhibits a spontaneous increase with the magnetic
field, reaching saturation above a critical field that depends
on temperature. This abrupt increment in ε′ starts at 0.05 T
magnetic field and saturates ⩽0.5 T for measured temperat-
ure. Along with this, forward and backward magnetic field
sweep mode shows hysteresis in the ε′(H). However, this hys-
teresis diminishes with increasing temperature and disappears

Figure 8. (a) Temperature-dependent real part of dielectric
permittivity (ε′) measured in cooling (solid line) and warming
(dashed line) modes @ 2 K min−1 sweep rate at different DC
magnetic fields and (b) magnetic field-dependent ε′ measured in
forward (0 → 2 T, solid line) and reverse (2 → 0 T, dashed line)
modes at different temperatures @ 100 Oe s−1 sweep rate, for
Dy2Ti2O7 at 50 kHz frequency.

at 10 K. The emergence of thermal and magnetic hysteresis in
ε′ below 4 K confirms a strong interconnection of ε′ with local
spin structure and spin dynamics, which are influenced byHdc.
The spontaneous increase in the ε′ with magnetic field suggest
the suppression in the phonon-mediated-spin flipping mech-
anism. These findings indicate the alterations in the dielectric
permittivity behavior due to the applied magnetic field, shed-
ding light on the intricate interplay of ε′ with the spin-related
phenomena.

4. Discussion

The experimental results presented above clearly demonstrate
the dependence of hysteresis on the measurement protocol
in both DTO and HTO. The thermal hysteresis observed in
M(T) (figure S2) and χ′(T, Hdc = 0 T) (figures 1, 4 and S3)
remains unaffected by the temperature sweep rate and AC
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variables below 4 K. On application of Hdc, thermal hyster-
esis observed in M(T) gets suppressed, whereas in χ′(T), it
causing an abrupt expansion in ∆χ ′

A (T) within the measured
temperature range (figure 2). The emergence of anomalous
hysteresis with magnetic field, along with the linear decrease
in the magnitude of ∆χ ′

A (T) with temperature, suggest that
increasing thermal energy diminishes the phenomena respons-
ible for observed behavior. The thermal dependency of the
anomalous hysteresis indicates its connection with underly-
ing spin–phonon coupling, likely suppressed byHdc. This sup-
pression is consistent with the findings of Turrini et al [29] and
Ozerov et al [30], who observed a suppression in spin-phonon
coupling by the magnetic field. The spontaneous increase in
ε′ with Hdc (figure 8) suggests a weakening in the magne-
toelastic coefficient caused by the suppression in the phonon-
mediated-spin flipping by appliedHdc. Scharffe et al [31] find-
ings shows a decrease in the thermal conductivity coefficient
with magnetic field in both DTO and HTO, further supporting
this argument.

The impact of Hdc on existing spin–phonon coupling is
evident from these findings, but its role in the emergent
dynamic memory effect observed in AC susceptibility remains
unanswered. Previous low-temperature studies on single crys-
tals have demonstrated the breaking of the spin ice state
into kagome ice (<1 T) and 3in-1out or 1in-3out (>1 T) on
the application of the magnetic field along the [111] axis.
Whereas, system retains its spin ice state for the field acting
along [100] and [110] axes. It happens due to the existing
crystal field anisotropy acting along <111> direction. When
a magnetic field is applied along the [111] axis, the Zeeman
splitting energy (∆E) of the Ising doublet state undergoes a
notable change for a quarter of the Ising spins that align par-
allel to the applied [111] axis within the corner shared tetra-
hedra. In contrast, the magnetic field acting along the [100] or
[110] axis affects ∆E of all Ising spins without affecting the
spin ice ground state [21, 32, 33]. In the present study, due
to the polycrystalline nature of the sample, DC bias magnetic
field acts on the non-colinear Ising spin matrix along all pos-
sible directions, resulting in a complex ground state exhibit-
ing both kagome ice and spin ice states at 0.6 T Hdc. In this
complex state, ∆E of the Ising doublet states have a relat-
ively wide range of energy distribution compared to the single
crystal. As a consequence, applied Hdc leads to the formation
of random quenched disorder sites in the Ising spin matrix,
which have larger spin relaxation times and a wide distribution
[34]. These quench disorder sites hinder the dynamical path-
way of the ideal system and provide a limited path for spin-
flipping. Due to this restriction, the system takes more time to
achieve thermal equilibrium from an out-of-equilibrium state.
The suppression in the spin-phonon coupling also suggests
that quenched spins sites do not participate in the phonon-
mediated spin flipping mechanism, supporting the increased
out-of-equilibrium time duration caused by applied Hdc.

Remarkably, in all Hdc biased χ′(T) measurements, we do
not observe any significant change in the freezing temperatures
in both FCC and FCW modes. It indicates that the resonant
frequency of the cooperative spins at freezing points remains
same in both measurement modes. Further, the exponential

increase in the magnitude of ∆χ ′
A (T) with decreasing fre-

quency, indicating the existence of another time region (with
a large spin relaxation time) in the out-of-equilibrium state.
A recent study has brought to light that below 1 K, thermally
excitedmagneticmonopoles in the spin ice ground state blocks
the dynamics of the quarter of spins. These spins exhibit
a slower spin relaxation time compared to other spins and
responsible for the low-temperature divergence in the spin
relaxation time. Consequently, the system falls into the out-
of-equilibrium state and magnetic monopoles exhibits fractal
growth on a short time scale [14]. These findings support the
presence of two or more relaxation regimes in these systems.
In our present study, the temperature and magnetic field sweep
rates dependent measurements also demonstrate the decay of
∆χ′(T, Hdc) in a short time t. It indicates that in the out-of-
equilibrium state, field-induced quench disorder sites develop
a dynamic spin-correlation of larger τ and exists for a shorter
time t [15]. This field-induced dynamic correlation addition-
ally contributes to the χ′ in out-of-equilibrium state and χ′(T,
Hdc) can be represented as a sum of stationary part (χ′

ST) and
non-stationary part (χ′

NST) [35]:

χ ′ (ω, t) = χ ′
ST +χ ′

NST. (3)

The χ′
NST contribution in χ′ is decided by the value of τ

with respect to some characteristic time (τ char) at constant tem-
perature and Hdc. When τ ⩾ τ char, dynamics is non-stationary
leading to a non-zero χ′

NST, whereas for τ ⩽ τ char, dynamics
remains stationary, resulting a zero χ′

NST. In temperature and
magnetic field-dependent AC χmeasurement, we observe that

the value of χ′
NST is ∆χ ′

A
2 . The magnitude of χ′

NST becomes
non-zero and positive when kBT decreases (FCC in χ′(T))
or ∆E increases (increasing Hdc in χ′(H)). Conversely, the
magnitude of χ′

NST becomes non-zero and negative when kBT
increases (FCW in χ′(T)) or ∆E decreases (decreasing Hdc

in χ′(H)). The observed sign change in χ′
NST, dependency of

∆χ ′
A (T, Hdc) on kBT and AC variables indicate that the single-

ion quantum tunneling process of Ising spins are coherently
correlated in the out-of-equilibrium state [15, 36–38]. As a res-
ult, the system attain a memory of the initial conditions [39–
41]. However, previous studies have clearly shown the clas-
sical nature of spin relaxation in these systems, indicating the
non-coherent nature of spin correlation [42]. Nonetheless, an
in-depth experimental and theoretical investigation is neces-
sary to explain the observed anomalous behavior.

In DTO, the emergence of crossover in ∆χ′(T, Hdc = 0 T)
below 2.5 K indicates that effective dipolar interaction behaves
similarly to the biased Hdc. At this temperature, ∆χ ′

A (T)
most probably emerges from the quenched sites developed by
thermally induced magnetic monopoles [14]. However, unlike
the effect of Hdc, the decay time of the out-of-equilibrium
state induced by magnetic dipolar interaction is considerably
fast, and this phenomena is more clearly observable at mil-
likelvin (mK) scale. This observation becomes more evident
when examining the magnetic field-dependent AC χ meas-
urement (figures 7(a) and S7) of DTO and HTO. In these
measurements, no crossover is observed below 4 K, lead-
ing to the conclusion that effective dipolar interaction also
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contributes to the development of short decay time out-of-
equilibrium dynamic spin-correlations. Consequently, when
Hdc is absent, the out-of-equilibrium properties are observed
at the mK scale, consistent with previous studies [9, 13, 43].
The absence of crossover in HTO for measured frequency and
Hac indicates a speedy decay time of the non-stationary part
in the absence of Hdc, likely due to its faster spin dynam-
ics, even at the mK scale. Under equilibrium conditions,
these systems become state-independent and exhibits hyster-
esis in Ising paramagnetic to spin ice crossover regime. This
hysteresis is nearly independent of thermal and non-thermal
variables. Sakakibara et al [44], in their low-temperature
magnetization study, observed two successive field-induced
hysteresis below 0.36 K in DTO and concluded that the ice-
rule-breaking spin-flip turns out to be a novel first-order trans-
ition resembling a liquid-gas type. Consequently, the thermal
hysteresis observed in the equilibrium state might be of the
liquid–gas type. However, unlike single crystal, where com-
plete spin ice to 3in-1out or kagome ice crossover occurs [44],
the randomly oriented polycrystalline sample likely undergo
only partial spin crossover by the applied magnetic field. As
a result, these materials show hysteresis in the magnetiza-
tion and AC susceptibility measurements under equilibrium
conditions.

5. Conclusions

Present study demonstrates the distinct behavior of cooper-
ative spins dynamics in both the equilibrium and out-of-
equilibrium states of DTO and HTO. In the equilibrium state,
static and dynamic magnetic properties of both DTO and HTO
show weak dependence on external thermal and non-thermal
variables. Interestingly, both compounds exhibit a liquid-gas
type hysteresis during interaction/magnetic field-driven par-
tial crossover in the local spin structure when measured in the
equilibrium state. Contrary to this, in the out-of-equilibrium
state, we observe a magnetic field-induced thermomagnetic
hysteresis solely in AC χ(T, H), which strongly relies on driv-
ing thermal and non-thermal variables. Dielectric measure-
ments show an abrupt increment in the dielectric permittiv-
ity with the applied magnetic field (<0.5 T), indicating that
the magnetic field extends the out-of-equilibrium time span
of cooperative spins by weakening the spin-phonon coupling
strength. It has been suggested that applied Hdc generates
quenched disorder sites in the non-collinear Ising spin metrics
and develops a dynamic spin correlation with slow relaxation.
These dynamic spin-correlations also contribute to χ(T, H)
when the system falls into the out-of-equilibrium state. Based
on measurement protocol, the non-stationary part can exhibit
both positive and negative values and becomes zero in equi-
librium or deteriorating conditions. The temperature/magnetic
field sweep rate dependence, generally observed for classical
systems, shows the short decay time of the out-of-equilibrium
state. The observed memory effect in the out-of-equilibrium
state, along with its sensitivity to external stimuli, set a stage
for understanding the other topologically frustrated materials
for their potential future applications.
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