Downloaded from https://www.pnas.org by UNIVERSITY OF OXFORD on May 31, 2024 from |P address 163.1.18.115.

PNAS

PHYSICS

L)

Check for
updates

Dichotomous dynamics of magnetic monopole fluids

Chun-Chih Hsu®', Hiroto Takahashi®', Fabian Jerzembeck®®
Sudarshan Sharma®, Graeme M. Luke®(, Stephen . Blundell®
andJ. C. Séamus Davis*"“&?

, Claudio Castelnovo®

, Jahnatta Dasini%, Chaia Carroll, Ritika Dusad?, Jonathan Ward, Catherine Dawson“‘2,
, Jonathan N. Hallén®',

Roderich Moessner’,

Contributed by J. C. Séamus Davis; received November 22, 2023; accepted April 17, 2024; reviewed by Collin L. Broholm and Cristiano Nisoli

A recent advance in the study of emergent magnetic monopoles was the discovery that
monopole motion is restricted to dynamical fractal trajectories [J. N. Hallén ez al.,
Science 378, 1218 (2022)], thus explaining the characteristics of magnetic monopole
noise spectra [R. Dusad ez al., Nature 571, 234 (2019); A. M. Samarakoon ez al., Proc.
Natl. Acad. Sci. U.S.A. 119, €2117453119 (2022)]. Here, we apply this novel theory
to explore the dynamics of field-driven monopole currents, finding them composed
of two quite distinct transport processes: initially swift fractal rearrangements of local
monopole configurations followed by conventional monopole diffusion. This theory
also predicts a characteristic frequency dependence of the dissipative loss angle for
AC field—driven currents. To explore these novel perspectives on monopole transport,
we introduce simultaneous monopole current control and measurement techniques
using SQUID-based monopole current sensors. For the canonical material Dy, Ti,0,,
we measure (), the time dependence of magnetic flux threading the sample when a
®(2)/ uy is generated by applying an external magnetic
field B (). These experiments find a sharp dichotomy of monopole currents, separated
by their distinct relaxation time constants before and after # ~600 ps from monopole
current initiation. Application of sinusoidal magnetic fields B,(z) = Bcos(wt) generates
oscillating monopole currents whose loss angle 6 (f ) exhibits a characteristic transition

net monopole current J(z) =

at frequency f ~ 1.8 kHz over the same temperature range. Finally, the magnetic noise
power is also dichotomic, diminishing sharply after #~600 ps. This complex phenome-
nology represents an unprecedented form of dynamical heterogeneity generated by the
interplay of fractionalization and local spin configurational symmetry.

dysprosium titanate | magnetic dynamics | spinice | frustrated magnetism

The existence of a fluid of emergent magnetic monopoles (1, 2) in pyrochlore spin-ice
materials (3) is now well attested (4). However, a comprehensive microscopic understand-
ing of the dynamics of monopole transport currents (5) remains a profound challenge. In
such spin-ice compounds (3, 4), e.g., Dy, Ti,O, and Ho,Ti,0, the lowest energy magnetic
excitations are emergent magnetic charges (monopoles) (1, 2). Each Dy or Ho™" magnetic
ion occupies a vertex of the corner-sharing tetrahedral sublattice and exhibits only two
magnetic states with dipole moments y &~ 10 ug, pointing either toward or away from
the center of each tetrahedron (Fig. 14). Moreover, the lowest energy configuration of
each tetrahedron is constrained by the dipolar-spin-ice Hamiltonian (6) to have two spins
pointing in and two pointing out (2in-2out), while the higher energy excitations are the
effective magnetic charges (4 7 for 3in-1out and — for lin-3out) that are in some degree
mobile (2). Explaining the unusual magnetization dynamics of both Dy,Ti,O, and
Ho,Ti,0; has proven perplexing (7-15) and a complete microscopic transport theory of
magnetic monopole currents remains an outstanding challenge. Monte Carlo simulations
(16) using the standard model (SM) of spin-ice dynamics (5, 17, 18) as well as theoretical
modeling based on random walk theory (18) indicated that thermally activated generation

Significance

How magnetic monopole
currents traverse spin-ice
materials has proven notoriously
difficult to understand. Recently,
it was discovered that emergent
dynamical fractal trajectories
underpin the monopole motion.
Applying these novel concepts to
field-driven magnetic monopole
currents predicts a characteristic
dichotomy in both their DC and
AC dynamics. Experimental
investigations using monopole
current spectroscopy then reveal
a strong dichotomy in the
monopole current response to
applied DC and AC magnetic
fields and in monopole noise. An
accurate atomic-scale
understanding of the
mechanisms of magnetic
monopole currents in spin ice is
thereby established. They are
constrained by the geometry of
allowed fractal trajectories
subject to specific spin-
configuration termini to
monopole motion. Such self-
generated dynamical
heterogeneity represents a
paradigm in quantum magnetic
transport.

Reviewers: C.L.B., Johns Hopkins University; and C.N., Los

recombination processes and monopole motion give rise to magnetic noise with power A T T

spectral density (16, 19), S(w, T) x (7)) / (1 + (wt(T) )%) versus angular frequency w,
temperature 7', and relaxation time 7 with 4 approaching 2. However, when identified
(20, 21), the actual magnetic noise exhibited Sy, (w, T) x 7(7) /(1 + (w7( 7)), whose
anomalous noise ‘color’ with exponent approaching 6(7°) = 1.5 at lowest temperatures
represented an outstanding mystery.

Innovative monospole transport theories designed to address this issue now posit that the
microscopics of Dy”* spin flips plays a central role in shaping the monopole dynamlcs This
is adduced to 1nternal transverse magnetic fields being strongly suppressed at Dy’* ion sites
for a highly symmetric local spin configuration as shown schematlcally in the side panels of
Fig. 1A4. In consequence, there are predicted to be two microscopic Dy’* spin-flip rates with
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fast and slow time constants (22). Such route-dependent spin-flip
restrictions permeate the spin ice crystal and force peripatetic mon-
opoles to traverse a disordered cluster of trajectories whose fractal
structure is close to a percolation transition (23). To capture the
physics of the two distinct spin-flipping rates, the beyond standard
model (bSM) dynamics is simulated by considering the transverse
field from the six nearest spins. In particular, monopole hopping
occurs on a slow time scale when the spin-flipping transverse field
vanishes, and on a fast time scale otherwise. In practice, the slow
time scale is expected to be so much longer than the fast one that
monopole hopping at this timescale can be neglected (see ref. 23
and SI Appendix, section I). The theoretical consequence, sup-
ported by bSM Monte Carlo simulations (23) with this bimodal
spin-flip constraint, is subdiffusive monopole motion for which
Sy, T) < 7(T) /(1 + (wr(T)*D)with b(T) ~ 1.5. This noise
power law is strikingly consistent with the reported experimental
magnetic monopole noise spectroscopy results (20, 21).

Analytical and Numerical Monopole Transport
Theory

'The original research using the bSM theory (23) for monopoles
in spin ice focused on magnetic fluctuations and magnetic noise
in thermodynamic equilibrium. But this paradigmatic change in
understanding also holds profound but unexplored repercussions
for monopole current dynamics of these systems when externally
driven. Heuristically, we can consider these issues by visualizing
a spin-ice sample as shown schematically in Fig. 14. While the
monopole drift velocities (v, , »_) from oppositely charged mon-
opoles are in opposite directions, the monopole currents
(/4 & mv,, J_ x — muv_) then occur in the same direction as the
applied field B, resulting in a net monopole current / =7, +/_.
A central ingredient is that the symmetry-derived constraints on
spin flips included in the bSM can block monopole motion at
local termini, as represented by the monopoles without arrow in
Fig. 14. A monopole is considered to be at a terminus if its pre-
ferred motion under the influence of the applied field is blocked
(SI Appendix, section II). The consequences on, and signatures
for, nonequilibrium dynamics and such monopole transport the-
ory are entirely unexplored.

To address these issues, here, we consider bSM monopole cur-
rent dynamics in the two essential cases: a) currents driven by an
instantaneous change in the applied magnetic field and b) currents
driven by a sinusoidal magnetic field modulation. With a combi-
nation of bSM Monte Carlo simulations (S/ Appendix, section I)
and analytical effective modeling (87 Appendix, section 1II) we
predict stark dichotomous signatures of bSM monopole current
dynamics in these regimes, as illustrated in Fig. 1 B and C. The
pivotal microscopic difference between simple SM and bSM
dynamics is the presence of termini in the allowed monopole paths
in the latter (Fig. 14), with specific consequences for the mono-
pole current dynamics. In the first case, a step in applied field
modifies monopole motion by inducing dichotomous monopole
currents that we distinguish as both reconfiguration and polari-
zation currents, respectively. The first involves rapid short-range
reconfigurations of the monopoles and reflects both microscopic
energetic and dynamical constraints on monopole motion; the
second changes the polarization of the system via diffusive mon-
opole motion over larger distances, and it decays on a characteristic
timescale 7p. The reconfiguration current is not present with SM
dynamics, and decays on a timescale 7y (approximately the micro-
scopic fast spin-flip rate 7, ). It can be intuitively pictured as the
driven diffusion of monopoles in and out of termini in response
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to the field. These mechanisms in turn produce a dichotomy of
monopole current responses to a sudden change in applied mag-
netic field: an initial one being a combination of the polarization
and the reconfiguration currents and a slower second one related
only to the polarization of the system.

An intuitive picture for the dichotomous currents can already be
gleaned from a very simple one-dimensional ladder: Imagine a
one-dimensional chain along the x direction, each site of which is
also connected to two otherwise isolated “termini” sites located
diagonally above and below in opposite directions, i.e., in the
+(x + y) directions (8] Appendix, Fig. S3). Consider mobile mon-
opoles on the ladder, subject to a field of magnitude B pointing
along the chain, and undergoing incoherent Monte Carlo type
dynamics. For a field in the + x direction, negative (positive) mon-
opoles will thus be trapped in the sites above (below) the chain;
and, crucially, vice versa for a field in the —x direction. Trapped
monopoles must then overcome an energy barrier to escape their
termini. Reversing the field will free trapped monopoles on one
side of the ladder and instead drive them to the other side of the
chain. The concomitant motion of these particles yields the recon-

figuration current /., which coexists with a steady state current /..
B A g_t/rfast

Explicitly, at small fields / =/ + /.. = prm

(SI Appendix, section III). The long decay constant of J in spin
ice becomes infinite in the absence of a magnetization buildup in
the ladder model, while /... decays with the short time constant
which is the charge hopping time, equivalent to the spin-flip time
constant T, in spin ice. Removing the termini removes the recon-
figuration current altogether as occurs equivalently with the dichot-
omous response in simulations using bSM, but not SM, dynamics.
Thus, for example, Fig. 1B shows bSM Monte Carlo simulation
results for time-dependent magnetization M(t) upon step-wise
application of magnetic field of strength 30 mT at time r = 0. M,
is the # = coequilibrium value of the magnetization in the presence
of the field. The main panel shows results for bSM dynamics at
temperatures 1.7, 2.0, 2.4, 3.0, and 4.0 K. Here, the dashed gray
lines are exponential fits (highlighting the longer polarization time
scale), while the inset contrasts the behavior between bSM and SM
dynamics.

In this theory, the response of magnetic monopoles when sub-
ject to an oscillating magnetic field should also reflect the dichot-
omy of polarization and reconfiguration currents. In the limit of

small (f < ril, TI_)I) and large (f > 11;\1, lel) driving frequencies,

both currents are either in phase or fully out of phase with the
driving field. Crucially, however, there is an intermediate range of
driving frequencies TI:I <f< Til, where the polarization and
reconfiguration currents are, respectively, out of and in phase with
the driving field. This leads to a pronounced feature in the loss
angle 0(f) = arctan(Im/y / Re/y) for AC monopole currents
J(f) = Re/r + ilm/j at frequency £ This prediction is visible in
Fig. 1C, where we show the (f) extracted from Monte Carlo sim-
ulations of spin-ice magnetization, M (z) = Mysin[2zft + 6(f)],
in response to an oscillating magnetic field, B(¢) = Bjcos(2xft),
of amplitude By = 30 mT applied along the crystal [111] direction.
‘The main figure shows 8(f) for bSM dynamics at temperatures 0.8,
1.0, 1.3, 1.7, 2.2, 3.0, and 4.0 K. The inset again contrasts the
behavior between bSM and SM dynamics. In SI Appendix, section
I, we show how this result can also be found on the three-legged
ladder model introduced above. These unique perspectives and pre-
dictions for bSM monopole current dynamics now motivate our
experimental studies to detect and quantify any of the dichotomous
transport, dissipation, and fluctuation phenomena anticipated.
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Fig. 1. Simultaneous monopole current control and measurement spectrom-
eter. (A) Conceptual representation of magnetic field-driven monopole current
J(t) passing through a superconducting loop (yellow). Positive charged mono-
poles (red) are driven to the right by an applied field B, and negatively charged
(blue) to the left. These rapid monopole currents are occasionally terminated
when the spin-flip rate is suppressed by specific local spin conformations, mag-
nified within the smaller panels at Left and Right. Lower panel: Conceptual design
of simultaneous monopole current control and measurement system based on
direct high-precision SQUID sensing of the monopole current J(t) = (d®/dt)/ uo.
(B) Monte Carlo simulation results of the magnetic response when an external
magnetic field of strength 30 mT is suddenly applied at time t = 0. My, is the
equilibrium value of the magnetization in the presence of the field. The main
panel shows results for bSM dynamics at temperatures 1.7 K, 2.0K, 2.4 K, 3.0K,
and 4.0 K (from upper to lower lines). The dashed gray lines are exponential fits
(highlighting the longer polarization time scale). The Inset contrasts the behavior
at shorter times and temperature 1.7 K between bSM (dark blue) and SM (or-
ange) dynamics and the corresponding dashed line fit (highlighting the shorter
polarization time scale in SM dynamics). The fast and slow contributions are
plotted separately in S/ Appendix, Fig. S19. (C) The loss angle 6(f) extracted from
Monte Carlo simulations of spin-ice magnetization, m(t) = mgsin[2zft + 6(f)],
in response to an oscillating magnetic field, B(t) = Bycos(2zft), of amplitude
By =30mT and frequency f applied along the [111] direction. The main figure
shows the loss angle for bSM dynamics at temperatures 0.8 (dark blue), 1.0, 1.3,
1.7,2.2, 3.0, and 4.0 (dark red) K. A bump-like feature is clearly evident at low
temperatures, induced by a reconfiguration current contribution originating
from the presence of termini in the emergent dynamical fractal, as explained
in the main text. The Inset shows the loss angle at 0.8 K (dark blue) and 1.7 K
(yellow) for both bSM (circles and solid lines) and SM (squares and dotted lines)
dynamics; notice the absence of the characteristic loss-angle feature in the
latter.
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Simultaneous Monopole Current Control and
Spectrometer

The search for such phenomena requires magnetic field—driven
monopole currents passing through the pickup coil of a SQUID
as shown schematically in Fig. 14. In this situation, IV, is the rate
of positively charged monopoles (red Fig. 14) driven along the
B-field through the loop to the right, and V_ the rate of negatively
charged monopoles (blue Fig. 14) driven oppositely. Thus, the
net monopole current /(z) through the persistent superconduct-
ing ring and the associated rate of change of flux d(r) threading
that ring are

J@&=mN, —(-=mN_ = &)/, (1]

because +m = + @, /u, with @, the total magnetic flux of each
monopole. To maintain the strict flux quantization required by
any persistent superconductive circuit, a spontaneous electrical
supercurrent then appears flowing around the ring opposing the
flux generated by the monopole current, and it is this supercurrent
that is linked inductively to the input coil of a SQUID (Lower
panel of Fig. 14). To achieve such simultaneous monopole current
control and high-precision measurement is technically quite chal-
lenging, both because the monopole drive field B(z) applies a giant
unwanted flux to the sensing coil and because the whole assembly
including the superconductive solenoid generating B(#) must
achieve a measurement flux-noise level @ < 107 ¢,/ \/E or

equivalent field-noise level 6B < 107141/ \/E Fig. 14 shows
a schematic of the system we have developed to meet these specifi-
cations (SI Appendix, Fig. S10). A continuous superconductive
circuit consisting of a pair of opposite chirality pickup coils (L in
Fig. 14) is assembled along the axis of the drive solenoid (Whlte in
Fig. 14) symmetrically about its center point, and connected to the
input coil of the SQUID (Z; in Fig. 14). Under these circumstances
the applied magnetic field B(z) threads virtually no net flux to the
SQUID (8! Appendix, Fig. S10). However, if a Dy, Ti,O, sample
is introduced to one of the opposite chirality coils (yellow Fig. 1A4),
any monopole currents J(#) driven by B(z) along the axis of that
crystal generates a changing flux ®(#) from Eq. 1, that can be meas-
ured with microsecond precision at the SQUID. The output voltage
of the SQUID Vg(#) is related to the flux @ (#) threading the pickup
coil as @g(2) = (M /(ZL + L) (2); E is the sample pickup
coil inductance, Z; is the otal SQUfD 1nput coil inductance, and
M, is a mutual inductance to SQUID and

Vs() = y ®s(2), (2]

where y is the total gain of the electronics (S7 Appendix, section
IV). Hence, both DC and AC monopole currents /(#) can be
generated along the Dy, Ti,0, crystal axis by application of B(z)
(green Fig. 24), measured simultaneously with microsecond pre-
cision using po®Pg(#) f](t)dt (blue Fig. 2A4), as well as the
instantaneous power spectral density of magnetic noise
Sy(w, T) « Sq,s(a), T = yzSVS(a), T), where SVS(a), T)is the
output voltage noise spectrum of the SQUID. Our objective is
then to use this spectrometer to search for the dichotomous mon-
opole transport, dissipation, and fluctuation phenomena.

Monopole Current Timescale Dichotomy

Dy, Ti,O, crystals prepared and evaluated for this purpose are inserted
into one of the counter wound pickup coils with its long axis along the

crystal [351] direction (yellow Fig. 14 and S/ Appendix, section V)

https://doi.org/10.1073/pnas.2320384121
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Fig. 2. Magnetic monopole current dichotomy in Dy,Ti,O,. (A) Typical example
of monopole current control generation and detection system in operation.
The green trace shows the magnetic field as a function of time while the blue
curve is the time dependence of flux ®s(t) measured at the SQUID. Monopole
currentinitiation (MCl) time marked by the blue sign is set to 0 for each current
transient. (B) Typical example oflog®s(t) evolution beginning 200 ps after MCl
at t = 0. Since monopole current is J(t) = (d®/dt)/uy and O(t) xPs(t), these
unprocessed data reveal two distinct monopole current regimes. At long times,
there is a well-defined time constant =, for monopole current flow as indicated
by the dashed straight line fit. At short times t < 600 psfrom MCI, a transition
occurs to a much shorter time constant z; for monopole current flow. (C)
Measured logds(t) evolution beginning 200 ps after MClI for all temperatures
studied and for both positive and negative magnetic field directions. For all
transients at long times the time constant z,(T) is measured by a straight line
fit. At short times t < 600 ps after MCl for all these transients, a transition
occurs to a faster time constant z,(T) for monopole current decay. (D) Extracted
@, (t) for fast-decaying currents and positive B-field direction. These fast-
decaying currents have ceased for t > 600 ps from MCI. Simultaneous data
in the lower panel show extracted @, (t)for slow-decaying currents and positive
B-field direction. (E) Extracted @, (t) for fast-decaying currents and negative
B-field direction. These fast-decaying currents have ceased for t > 600 ps
from MCI. Simultaneous data in the lower panel show extracted ®,(t) for
slow-decaying currents and negative B-field direction. The phenomenology
is indistinguishable from that in D.

40f7 https://doi.org/10.1073/pnas.2320384121

and cooled on board a custom built ultralow vibration refrigerator
mounted on the isolated floor-slab of an ultralow vibration laboratory
(ST Appendiix, section IV). Fig. 24 shows a typical example of a mon-
opole current control generation and detection experiment. The green
trace shows the magnetic field B(z) as a function of time while the
blue curve is the time dependence of flux ®¢(#) at the SQUID.
Axially, there are two possible field B, (¢) and current CI)Si(t) direc-
tions here, and both are studied throughout. A typical example of
measured log® () evolution beginning 200 ps after monopole cur-
rent initiation (MCI) is shown in Fig. 2B. These unprocessed data
reveal two distinct monopole current regimes. At long times
t > 600 ps, we observe a well-defined time constant 7, for monopole
current flow as indicated by the dashed straight line fit to log®g ().
At short timesz < 600 ps from MCI, a transition occurs to a shorter
time constant 7| for monopole current flow. To analyze all such curves
atall temperatures we fitlog®g(z, T7) =C(7T) — t/7,(T)for times
600 ps < £ < 1,200 psand derive 7,(7") and C(T) for all examples
with fit quality factor R? > 0.99 (SI Appendix, section VI and
Fig. S12). The slow-decaying monopole current @, (¢, 7°) data rep-
resented by these fits are subtracted in the time range
200 ps < £ < 1,200 ps from the measured @(z, T') to yield the
residual fast-decaying monopole current @, (#, T') data, such that
Oy = O, + D,. Fig. 2 D, Upper panel shows the resulting®, (z, T°)
for fast-decaying currents while the simultaneous @, (z, T') for slow-
decaying currents are shown in the lower panel, both for positive 5-
field direction. Fig. 2F shows the equivalent analyzed monopole
current data for negative B-field direction. In both cases, the fast-
decaying monopole currents have ceased for# > 600 ps from MCI,
while the slow-decaying monopole currents persist for many
milliseconds.

Monopole Dissipative Loss Angle and Noise
Dichotomy

To probe the possible presence of this dichotomy also in the alter-
nating magnetic monopole current (AC) transport characteristics,
we study sinusoidal monopole current generation and detection,
a typical example of which is shown in Fig. 34. The green trace
shows the applied magnetic field By(#) = Bcos (27r ﬁ)as a function
of time while the blue curve is the simultaneously measured time
dependence of flux ®g(z) at the SQUID. AC monopole currents
are studied for 10 </ < 5,000 Hz (S/ Appendix, section VII).
The monopole current J(z) = Re]fcos(27rﬁ) + z'Im]fsin(zirﬁ)
is determined by using a lock-in amplifier to measure
Do(r) = Red)scos(Zﬂﬁ) + z'Imd)Ssin(erﬁ) forall /. The meas-
ured flux is linked to the monopole current as Re Jr o — 2zf Im®,
and Im/ o 27rfReq>f. The measured Re/; and Im/, for all meas-
ured temperatures are shown in Fig. 3B."As with any harmonic,
charged, non-momentum-conserving fluid dynamics, the dissi-
pation characteristics are established using the loss angle
04(/) = arctan(lm]f/Re]f). In Fig. 3C, we show measured 8 4(f)
for AC monopole currents in Dy, Ti,O, from all temperatures
studied, while the inset shows the frequency fj associated with a
change in the frequency dependence of 84(f). By estimating the
frequency fy which leads to the local maximum in d64/df’, AC
time constant 74 is illustrated in Fig. 44, showing a consistent
transition at frequency fi = 1.8kHz for all temperatures studied.

Finally, we search for a change in the magnetic noise intensity
that one might anticipate to occur when the fast-decaying reconfig-
uration currents have ceased (23). The flux noise intensity
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Fig. 3. AC magnetic monopole loss angle in Dy,Ti,0,. (A) Typical example
of sinusoidal monopole current generation and detection. The green trace
shows the magnetic field By(t) = Bcos(2xft) as a function of time while the
dark blue curve is the measured time dependence of flux ®s(t) at the SQUID
and the light blue curve is d®g(t)/dt. This field modulation experiment is
carried out for 10 Hz < f < 5,000Hz. (B) From A and with J(t) « (d®s(t) / dt) / uq
monopole current J(t) = ReJecos(2xft) + ilmj;sin(2xft) is determined by using
a lock-in amplifier to measure ®g(t) = Redcos(2xft) + ilm®;sin(2xft) for all
f.The consequent in-phase current Rej; = — (2zflm®;) / uo and out-of-phase
current Imj = (anRecpf)/uO are shown for all temperatures measured. The
corresponding rate N of the number of monopoles passing through the
superconducting loop is estimated by N = & (t)/uom. The practical rate
@, can be converted through the coefficient M;/(2L, +L;). (C) Measured
04(f) = arctan(/mj; / Rejy) from all temperatures studied. The Inset shows that
a dissipation transition occurs at fy = 1.8kHz.

U%O) = (CI)S(t)2> is measured as soon after MCI as possible thus
during the epoch of fast-decaying currents 0 <z < 600 ps.
Subsequently, 6% (¢) = (@g(#)? ) is measured throughout the epoch
of slow-decaying polarization currents 600 ps < r < 2,000 ps Their
ratio 0'% / O'% is shown in Fig. 4B exhibiting a constant value near 1.5
for all temperatures (S Appendix, section VIII). The increase of the
monopole noise in the reconfiguration current regime is also
observed in time dependence of variance (S Appendix, Fig. S13).
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Fig. 4. Dichotomous monopole currents, dissipation, and noise. (A) The
transition point =4 = 1/2zf; where the dissipative process alteration occurs
at f; ~ 1.8 kHzfrom all temperatures studied. (B) Ratio of monopole current-
driven magnetization noise intensity a% for fast-decaying currentst < 600 ps
from MCl to magnetization noise intensity o2 for slow-decaying currents during
600 ps <t < 1,200 ps. This ratio is constant near 1.5 for all temperatures.
(C) Experimentally determined monopole current relaxation time constants
from all temperatures studied and both field application directions. Measured
slow-decaying monopole current time constant z, in solid red; fast-decaying
monopole current time constant z; in solid blue.
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Hence, the magnetic noise power does indeed drop steeply when
the fast-decaying currents disappear at # & 600 ps.

Discussion

The preeminent feature of these experimental findings is the pres-
ence of two distinct timescales (Figs. 2Cand 4C). This is naturally
accounted for by the different decay times within the bSSM mon-
opole dynamics theory of polarization and reconfiguration currents
as in Fig. 1 Band C (8] Appendix, sections I and IX), implying the
time scales 7, and 7, measured in experiments relate directly to the
theoretically predicted 7y and 7p, respectively. Indeed, this agree-
ment between the bSM monopole current theory and experiments
exists in considerable detail: The ratio of the two timescales in both

Monte Carlo simulation and experiment hovers around a value of
T

= 1n the high-temperature window above 2 K (S7 Appendix,

sectlon X). The values differ by approximately 1/3 in the hlgh-
temperature part of our measurement regime, but 7, grows sig-
nificantly faster upon lowering of the temperature in MC
simulations than observed in experiments. Neither the monopole
density at high temperature (S/ Appendix, section XI) nor the
demagnetization factor from the sample geometry (S Appendix,
section XII) could give rise to this observation. The origin of this
theoretical discrepancy remains to be understood and is further
discussed in S7 Appendix, section XIII. A characteristic feature in
the experimentally mcasured loss-angle 0(f', T') appears at fre-
'S f <], as predicted theoretically (Fig. 30),

although the phenomenon is discernible at higher temperature
than observable by bSM Monte Carlo simulations in Fig. 1C.
Finally, the magnetic noise power drops steeply after time
t = 600 ps (Fig. 4B), indicating suppression of noise once the
reconfiguration currents have decayed away on the short timescale
7. Thus, the dichotomous monopole transport theory is highly
consistent with the observed monopole current phenomenology.
Moreover, if there are multiple microscopic spin-flip time con-
stants (23) potentially subtending all dynamical processes in spin
ice (24, 25), the dichotomous monopole current theory presented
here is quantitatively consistent with the phenomenology of
Dy, Ti,0, for a fast time constant of approximately 90 ps.

To summarize, the recent discovery of dynamical fractal trajec-
tories underpinning equilibrium monopole motion in real mate-
rials (23) motivated development of our theory for magnetic
monopole currents in spin ice. Using a combination of analytical
effective theory and bSM Monte Carlo simulations, this theory
predicts a dichotomy of the driven monopole current dynamics
with characteristic signatures in measurable quantities.
State-of-the-art monopole current spectroscopy developed to
explore these predictions identifies strong dichotomy in the mon-
opole current response of Dy, Ti,0- to sudden changes in applied
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