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An emerging concept for identification of different types of spin liquids [C. Broholm
et al., Science 367, eaay0668 (2020)] is through the use of spontaneous spin noise [S.
Chatterjee, ]. E Rodriguez-Nieva, E. Demler, Phys. Rev. B 99, 104425 (2019)]. Here,
we develop spin noise spectroscopy for spin liquid studies by considering Ca,,Cr,O,4, 2
material hypothesized to be either a quantum or a spiral spin liquid (SSL). By enhancing
techniques introduced for magnetic monopole noise studies [R. Dusad ez al., Nature
571, 234-239 (2019)], we measure the time and temperature dependence of spontane-
ous flux @(z, T') and thus magnetization M (¢, T') of Ca,(Cr,O,4 samples. The resulting
power spectral density of magnetization noise S, (@, T') reveals intense spin fluctuations
with Sy, (@, T) x @~ %T) and 0.84 < (T') < 1.04. Both the variance O'fw(T) and the
correlation function Cy;(z, T') of this spin noise undergo crossovers at a temperature
T* =~ 450 mK. While predictions for quantum spin liquids are inconsistent with this
phenomenology, those from Monte—Carlo simulations of a two-dimensional (2D) SSL
state in Ca,;(Cr,O,4 yield overall quantitative correspondence with the measured fre-
quency and temperature dependences of Sy, (w, T), Cys(2, T), and O'IZW(T), thus indi-

cating that Ca,;;Cr,O,g is an SSL.
spin noise spectroscopy | spiral spin liquid | quantum spin liquid

In theory, spin liquids can occur in either classical (1) or quantum (2, 3) incarnations.
The former exhibits massive ground-state degeneracy of its spin configurations, while the
latter exhibits quantum entanglement of its localized spins along with fractionalized spin
excitations. Candidate materials for either of these states are most often designated based
on the absence of long-range magnetic order when the energy scale of magnetic interactions
greatly exceeds that of temperature (1-3). But no spin liquid can be identified conclusively
in this way, meaning that innovative techniques are urgently required to specify each
material’s spin liquid state. A promising concept is to measure the unique spectrum of
spontaneous spin noise generated by quantum and thermal fluctuations, thereby “finger-
printing” each spin liquid state (4-9). For example, in fermionic atomic vapors, the
variance of magnetization-noise 0']2‘/[ = <M 2(t)) distinguishes the Bardeen—-Cooper—
Schrieffer superfluid state from the Bose—Einstein condensate state and from the antifer-
romagnetic state (4). Or, for the case of random exchange coupling Heisenberg spin-1/2
phases, theory predicts magnetization noise exhibiting S;,(®) x @™ with 0.5 <a <1
due to finite temperature many-body-localization (6). Finally, for a canonical U(1) gapless
quantum spin liquid state with a spinon Fermi surface, theory predicts white magnetization
noise for which §;(®) is a constant (8, 9).

The utility of this approach has recently been demonstrated (10-14) for the case of emer-
gent magnetic monopoles (15-17) in spin ice, e.g. Dy, Ti,O, and Ho,Ti,0,, and in artificial
spin ices. There, thermally activated spin flips generate emergent magnetic monopole charges
+m. Generation-recombination theory for these monopoles then predicts magnetization noise
Sy(w, T) = 40]2W( z(T)/ ( 1+ (w1 ( T))z) where @ and 7" are angular frequency and tem-
fw( T') is the magnetization variance and 7(7") is relaxation time (18). Congruently,
Monte Carlo (MC) simulations from the realistic spin-ice Hamiltonian (19) predict a closely

perature, &
related magnetization noise spectrum Sy, (w, T') x 7(7) / | 1 + (wz(T) Y ) where
b(T) < 2 because of correlations in the monopole motion (10, 20). Most recently, discovery
of the dynamical fractal nature of monopole trajectories (12) yielded the prediction that
Sy, TYxz(T)/ (1 + (0t (7T) )b(T) ), with 6(7") = 1.5 because there are two different
possible microscopic spin-flip rates. By now, virtually all key predictions of spin noise theories
(10, 12, 18) specific to the monopole dynamics in spin-ice pyrochlores have been borne out

directly in SQUID-based spin noise spectroscopy experiments (10, 11, 13, 14) that measure
Syr(@, T') and correlation function Cy;(¢, T') of Dy, Ti,0,. Evidently, these achievements

PNAS 2025 Vol.122 No.12 2422498122

Significance

No state of matter can be
defined by what it is not; yet spin
liquids are often conjectured to
exist based only on nonexistence
of magnetic order. An emerging
concept designed to circumvent
this ambiguity is to identify each
spin liquid type by its
spontaneous spin noise. Here,
we develop spin noise
spectroscopy for studies of
Ca;,Cr;0,5, a material
hypothesized variously to be
either a quantum or spiral spin
liquid (SSL). At sub-Kelvin
temperatures, we detect and
quantify intense spin-noise
spectra that, due to their general
consistency with Monte-Carlo
simulations, provide evidence
that Ca,,Cr;0,4 is an SSL. The
utility of spin noise spectroscopy
for fingerprinting a nonordered
spin state demonstrated here
opens a general approach to spin
liquid research.
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provide motivation to deploy this technique more generally for spin
liquid research.

Ca,,Cr,0,5 Spin Liquid

To do so, we study Ca;,Cr,O,5 (21-25), a quasi-2D material
consisting of weakly coupled bilayers (Fig. 14). Each is a buckled
kagome lattice in which the triangular plaquettes have alternating
sizes (22). The magnetic Cr’* ions have a six-site unit cell, with
each Cr’* located within a distorted CrO, tetrahedron and having
asingly occupied § = 1/2 state (Fig. 1A4). The isotropic magnetic
susceptibility of Ca,Cr,O,4 exhibits a Curie—~Weiss temperature
Tew = +2.35 Kindicative of ferromagnetic interactions on the
J 51 meV energy scale (23). The zero-field magnetic specific
heat capacity C(7') has a broad maximum at 7" = 3 K with a
sharper peak followed by precipitous drop below 7% & 450 mK
(21). For T < T, it exhibits an approximately linear temperature

A

Ca1Cr702s S = 1/2 bilayer kagome

dependence C(T) 2nT (25). Zero-field muon spin rotation
measurements exclude magnetic order down to 7" & 20 mK and
instead evidence spin fluctuations which slow down on cooling
and become persistent below 77 (21). Inelastic neutron-scattering
detects a spin excitation spectrum X(q, E) lacking well-defined
spin-wave modes (25) but with a ring-like closed contour of
scattering at intermediate energies (21, 23, 25).

Spin Liquid Scenarios for Ca,,Cr,0,4

Two distinct spin liquid scenarios have been envisioned to explain
the 7 < T state. The first hypothesis is that Ca,,Cr,O,g is a quan-
tum spin liquid (QSL). No magnetic order whatsoever is detected
at temperatures down to 7" & 20 mK, thermodynamically, by elas-
tic/inelastic neutron scattering, or by muon spin precession. The
relaxation rates of muon polarization P(¢) demonstrate that the
spins remain entirely dynamic to the same low temperature (21).
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Fig. 1. Ca,Cr,0,5 SSL and momentum vortex. (4) Left: Schematic of the Ca,,Cr,0, distorted bilayer kagome lattice. Each Cr** ion hosts spin-1/2 under a
tetragonal crystal field. The six Cr** spin-1/2 states per unit cell occur at the sites shown. Right: Three spins on a triangular plaquette on each layer are bound
by a strong ferromagnetic interaction, and they form a frustrated spin-3/2 on a monolayer honeycomb network with ferromagnetic nearest-neighbor and
antiferromagnetic next-nearest-neighbor interactions (26). (B) Left: Schematic of a spin spiral state in which the angle to the x-axis of the spin vector § at point
riso(r). In an SSL, the spin spiral ground-state wavevector Q indicated by a black arrow is free to point at any in-plane angle ©. The arrangement shown here is
of a unique topological defect referred to as momentum vortex, such that the line-integral on any trajectory surrounding the symmetry pointis§ Vo - dl = 2x.
Right: Contours of degenerate ground-state wavevector Q in the plane for different parameterizations of the Hamiltonian Eg. 1. (C) Schematic images of (r) for
three simple cases. Left: A topological defect-free spin spiral state. Center: A simple momentum vortex fixed at the origin. Right: A simple momentum antivortex.
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A continuum of dispersionless spin excitations exists along with a
diffuse ring of intense scattering at i ~ 0.3 meV, all confined to
the kagome plane. Further, based on the linear temperature depend-
ence of magnetic specific heat, a QSL with Z, symmetry and a
spinon Fermi surface has been inferred (25). Finally, pseudofermion
functional renormalization group theory (21) or tensor network
theory (27) both indicate a quantum magnetic ground state. The
consequent principal hypothesis has been that Ca,(Cr,;O,4 isa QSL
(21-25, 27). On the other hand, it has been conjectured that
Ca,Cr,O,4 is a spiral spin liquid (SSL). In this state (26, 28-40) a
spin spiral occurs at wavevector Q, during each modulation of which
the spin direction undergoes a spiral evolution (Fig. 1B). Inan SSL,
the vectorial direction Q is not fixed but occupies a continuous
closed contour (28, 35, 37) in reciprocal space (Fig. 1B). Such sys-
tems with a subextensive degeneracy avoid long-range ordering (41)
and are distinct from any static magnetically ordered state with
well-defined spin wave modes. The SSL state has been mainly stud-
ied in a classical context and is typically conceived to be in a classical
SSL state. Accordingly, we consider the classical situation through-
out this paper, although we note that the interplay of quantum
effects and the degenerate spiral manifold remains an open question
as a nonordered “quantum SSL” is a theoretical possibility (42, 43).
The Ca,(Cr,0,3 model of spin-1/2 on a distorted bilayer kagome
can be mapped to interacting spin-3/2 on a monolayer honeycomb
lattice (Fig. 14), when 3 spins on alternative triangular plaquettes
form a § = 3/2 state by ferromagnetic interactions (25, 26, 34) so
that the expected spin behavior is closer to the classical limit. This
model is frustrated, and its MC simulation predicts an SSL with
g-space ring-like correlations (26, 34) consistent with the experi-
ment (21, 23, 25). Generic 2D XY models for the SSL state further
predict the existence of a unique topological defect referred to as a
momentum vortex (37) which could dominate the low-energy phys-
ics. This defect occurs at a point around which the SSL continuously
occupies all possible Q-vector states on its manifold (Fig. 1C). MC
simulations predict that, as a result of the nonlocality of these top-
ologically constrained momentum vortices, dynamics slows as tem-
perature is decreased and eventually reaches a metastable
configuration. Consequently, the evolution is from a trivial para-
magnet into a “pancake” liquid state and eventually into an SSL
before freezing into a vortex lattice (37). Thus, on the basis of a
nonordered dynamic spin state having diffuse spin correlations seen
in a closed contour of more intense neutron scattering, Ca,,Cr,O,q
is hypothesized to be an SSL (26, 34, 37). Based on the extant
phenomenology of Ca,;;Cr,O,4, however, it has not been possible
to distinguish conclusively between these QSL and SSL scenarios.

Spin Noise Predictions for Different Spin Liquids

To address this challenge using techniques introduced here, the
spin noise spectra of a QSL and an SSL state are required. For Z,
and U(1) QSL, ref. 8 predicts frequency-independent noise power
spectral density S(w) o @ in the high-temperature limit 0 < T
where our studies are carried out (S/ Appendix). For SSL on the
other hand rapid theoretical advances (37) have occurred recently
using MC simulations based on a generic XY model for a 2D SSL
with Hamiltonian

<ij > <ij >, <ij>3

Here, 9, represents XY spins constrained to lattice sites in a plane, and
Jis Jo; J3are the first, second, and third nearest neighbor spin coup-
lings. For parameters /; = — 15/, > 1/4; /5 = ], /2 thissystem isan
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SSL exhibiting a ground-state set of spiral density waves with mom-
enta Q satisfying 2cos® Q, + 2cos” Q, + 4cosQ,cosQ, =1/ 2]22:
This is a continuous closed contour in g-space within the first

reciprocal unit cell of the lattice (Fig. 1B). The full details of our
MC simulations are presented in S/ Appendix using Eq. 1 with
Ji= —1.0;/, =0.28; J; = 0.14foran array of N = L X L spins
on a square lattice with periodic boundary conditions. Such sem-
iclassical simulation results using S = 3/2 for Ca,;(Cr,O,g are well
supported by successful previous studies (26, 34) (8] Appendix).
Equilibration of &(r, T'), the in-plane spin vector at each site 7,
to temperature 7" uses an initial set of () randomly selected with
uniform probability. Examples of 9(r, T') evolution in the equi-
libration process can be visualized in Movies S1 and S2. At each
temperature, this yields a representative spin configuration, four
typical examples of which are shown for different 7" in Fig. 2A4.
The structure factor X(g) of each spin configuration is shown in
SI Appendix, Fig. S11. This is in excellent agreement with the evo-
lution from a paramagnet into a pancake liquid state, thence to
an SSL and finally into a vortex lattice as reported by ref. 37.
Such thermalized configurations (Fig. 24) subsequently initiate
the simulation of 8(r, £, T') via the Metropolis Monte Carlo algo-
rithm, which approximates the evolution of spins interacting with
a thermal bath, i.e., thermal fluctuations of spins. Here, the system
is evolved sequentially through 10” MC time steps at each 7" During
MC simulations at 7" ~ 0.15]/; | we find the elementary local spin
relaxation process occurs at a timescale ~10 MC step (SI Appendix,
Fig. §3). High-frequency AC susceptibility experiments yield a sem-
icircular Cole—Cole plot indicating a microscopic spin relaxation
time corresponding to ~ 10 ps (21). Hence, setting each MC step
to7 = 1 pssimulates a microscopic relaxation time consistent with
empirical observations; we then use a total MC simulation run time
I' =10 s. From these data, we predict the spin noise fingerprint of

the SSL by calculating the x, y- components of the average spin
3 _ 1 . . .
9,6 T)=5 2295, (r, 2, T) versus time, with typical examples

shown in Fig. 2B and S7 Appendix, Fig. S2A. Most importantly, the
power spectral density of SSL spin noise is calculated from

Sﬁw <a)j, T ) = # ’At Zk[(:_ol e_iw/tkﬁx,y (tk, T ) |2, where At is
time interval and K = I' / A¢, with typical results shown in Fig. 2C
and ST Appendix, Fig. S2B. With falling temperatures below
T = 0.15|/, |, it shows strong low-frequency noise down to at least
®/2x =1 Hz that diminishes continuously in power. The corre-
lation function of this SSL noise is ng (4. T) = lL Zla"e_l 9

_ [=0 Sx )
(4, T)Sx’}, (t;+1,, T), where t, = kAt and [, = 9 X 10%; its typ-
ical temperature dependence is shown in Fig. 2D and SI Appendix,
Fig. S2C. Well above 7' = 0.15|/; |, the correlations drop rapidly
over time. As temperature falls, the decay of correlation slows down
and the functional form becomes nearly ngy (¢, T) x —Int
(81 Appendix, Fig. S10A). To predict the temperature dependence
of SSL noise power-law a(T'), the ngy (w, T') is fitted by a function

A(T)o~ ") in the frequency range 1 Hz < w/2x < 500 Hz
below 7" = 0.15V1| (81 Appendix, Figs. S1B and S2D), with the

result shown in Fig. 2F thata(7") & 1.2 + 0.1at the lowest temper-
ature. Finally, the power-law f§ of the SSL noise variance 0'% (1)« TP

.y

below 7 =0.15|/,| is predicted in Fig. 2F using o%x (T)= %
-12 1 ¢K-17 2 !

f:ol gw(tk, T)- <? b0 wa(t/e, T)) . The noise variance

rapidly grows down to 7" = 0.15|/;

, then declines approximately
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Fig. 2. MC simulations of SSL noise for Ca,,Cr,0,4 relevant parameters. (A) MC simulations of a snapshot of (r) on the SSL model of Eq. 1 and ref. 37 using a square
lattice with N = 100 x 100sites r, each site with an in-plane spin unit vector §(r). Each snapshot is for a different temperature so that this sequence of SSL simulation
snapshots is for approximately 7= 0.5|/;|, 0.1)/4|, 0.05|/; | and 0.005|/, |. While the spins point random directions in a paramagnet state at high temperature, they
become spatially correlated at T=0.1]/;| corresponding to a pancake liquid state. At T=0.05/, |, the system is in an SSL state with spiral domains and momentum
vortices, which become clearer and more rigid upon further cooling (37). Examples of these results are demonstrated in Movies S1 and S2. (B) MC predicted time
sequence of average x-component spin 9, (t,T) = 1ﬁ > 9 (r.t,T)at eight temperatures for N = 40 x 40 sites. The average spin fluctuates at a second timescale
and the amplitude of low-frequency noise grows as the system is cooled down to T = 0.15|);|. Below T = 0.15)/;| the noise amplitude gradually diminishes. We
take 1 MC time step to be r =1 ps. 9,(t, T) is down-sampled for visual clarity to every 500 MC steps so that time intervals shown here are 500t = 500 ps. The
frequency component above 1 kHz is filtered out. The magnitude of magnetization noise estimated as described in S/ Appendix is indicated by the bar on the
right. The simulated Ey(t, T) results are statistically equivalent as shown in S/ Appendix, Fig. S2A. (C) From the time sequences 9,(t, T) described in (B), the power
spectral density of simulated SSL noise S, (», T) is derived as a function of temperature T and shown for seven selected temperatures. Again we take 1 MC
time step to be z = 1 ps. Here, the error bars are the SE of the independent MC simulation runs. The anticipated power spectral density of magnetization noise
Su(w, T)is shown on the right-hand axis as estimated from calculations described in S/ Appendix. The spectrum shows a powerful low-frequency noise down to
/2z =1 Hz with a diminishing power below T = 0.15|/;|. An example of fitted w™line (gray) is drawn and obtained « values are plotted in (£). (D) From the time
sequences 9, (t, T) described in (B), the correlation function of simulated SSL noise G, (8. T)/C5,(0, Ty is derived. The gray dashed line is an exemplary ~Int curve
(1 -0. 15In(t(ms))) (E) By fitting the power spectral density of simulated SSL noise to S‘9 (o, T) x w7, the SSL noise power law «(T) is derived and found to be
a(T) ~ 1.2 at the lowest temperature. (F) From the time sequences 8xy(t T)in (B), the variance of simulated SSL noise o: (T) is presented. The variance peaks
around T = 0.15/;| and diminishes approximately as 725 (blue line).

4 0f 8

as 7%, Simulation for Heisenberg spins using the same SSL
Hamiltonian (S Appendix) predicts quantitatively distinct spin
noise features and the momentum vortex is harder to identify.
Here, we mainly discuss the predictions for XY spins which, with
the parameter set of our present simulations, conform best to the
subsequently shown experimental observations in Ca,;Cr,O,.

https://doi.org/10.1073/pnas.2422498122

Optimization of simulation parameters in a Heisenberg-spin
simulation, which might alter its correspondence with the exper-
iment, is left for future work. To summarize, our MC simulation
for XY spins using Eq. 1 predicts that, for 77 < 0.15|/;, the
noise spectrum of a generic 2D SSL has powerful spin fluctua-
tions at least from 1 Hz to 500 Hz, a scale-invariant power
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spectral density S5 (@, T) x @~ 12201 correlation functions
X,

Gy (6, T)x — Inz, and a noise variance 6%9 (T) diminishing
xy

approximately as 7722, w

Spin Noise Spectroscopy of Ca,,Cr,0,4

To explore these predictions, we perform SQUID-based flux-noise
spectrometry (10, 11) achieving magnetic field sensitivity
approaching po6M <1074 T /y/Hz (Fig. 34), and using
cryogen-free ultralow-vibration refrigerators in the range 10 mK
< T'< 5,000 mK (SI Appendix). The time sequence of the magnetic
flux @(¢) generated by the sample magnetization M(¢) = c®(z)
within the pickup coil is measured with microsecond precision
via a persistent superconducting circuit that transforms it into the

flux @4(#) at the SQUID input coil as

Dg(2)= (Mi/(Lp +1))P(¢)=

(Mi/(Ly+ L)) M(p)= 5 M(2). 2]
Here, L, is a pickup coil inductance, Z; is a SQUID-input coil
inductance, M, is a mutual inductance between the SQUID and
its input coil, and cg is a constant set by the geometry of each
pickup coil (Fig. 34). Hence, the output voltage of the SQUID
Vs(2) is related to magnetization M(z) as

Vs(t) = g®s(t) = geg ' M(t) = a7 M(2), (3]

where g is the total gain of the electronics. For a given experi-
ment, the value of z can be calibrated accurately (S7 Appendix).
The time sequences of magnetization fluctuations are recorded
from V5(#) at each temperature 7"as M (¢, T) = aVs(z, T) from
whence the power spectral density of magnetization noise
Sy(w, T) = aZSVS (w, T) can be derived.

Our Ca;,Cr,O,; samples are prepared by the
traveling-solvent-floating-zone method (22). The lattice struc-
ture is confirmed by X-ray Laue diffraction, and Curie—Weiss

fity=yxo+ _Couie of the DC magnetic susceptibility in the
T-Tew

temperature range 50 to 250 K yields the Curie—Weiss temper-
ature 7oy = +2.6 K and an effective magnetic moment
e~ 1.69 pp (ST Appendix, Fig. S5B) (23). Typical examples
of the mm-scale Ca,,Cr,O,4 single crystals studied are shown
in ST Appendix, Fig. S5A. The experimental setup is integrated
into either a cryogen-free "He refrigerator or cryogen-free
SHe/*He dilution refrigerator spanning the temperature range
10 mK < 7'< 5,000 mK. Immediately upon commencing these
experiments, we found that Ca,;Cr,0,5 generates powerful
magnetization noise. Fig. 3B shows exemplary time sequences
of the measured magnetic flux @(z, T') generated by Ca,,Cr,O,4
for eight selected temperatures demonstrating the intense mag-
netization amplitude fluctuations approaching n'T amplitudes.
These data are digitized by an effective 16-bit analog-to-digital
converter with acquisition time interval of minimum
At =1, — 1, =1 ps, yielding a sequence of values @(z,, ')
over a continuous time epoch I'. From this, we derive the power
spectral density

K-1 2

_ 1 o,
Sq,(wj,T):ﬁAt;)e (T
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Fig. 3. Spin noise measurements in Ca;,Cr,0,. (A) Conceptual design of our
spin noise spectrometer based on high-precision and high-bandwidth SQUID
sensing of time-dependent flux @(t) generated by the Ca;,Cr,0,3 sample in the
compensated superconductive pickup coil connected persistently to the SQUID
input coil. (B) Eight typical time sequences of the measured magnetic flux @(t)
generated by Ca;,Cr;0,5 at 100 mK < 7 <800 mK. The plotted datapoints
are down-sampled to every 500 ps for visual clarity. The frequency above
1 kHz is filtered out. The equivalent spontaneous magnetization noise at the
sample uoM(t)is very intense, reaching almost the nT scale. (C) Simultaneously
measured magnetization noise power spectral density Sy,(w, T) and imaginary
part of AC susceptibility y”(w, T)of Ca;oCr;0,5 plotted as zV uywSy(w, T)/2kg T
versus y”(w, T) over the frequency range 0.1 Hz < w/2x <100 Hz and
temperature range 100 mK < 7 < 500 mK. This indicates that the fluctuation-
dissipation theorem y"(w, T) = zVuowSy(w, T)/2kgT is predominantly valid,
and that the spin liquid state in Ca,Cr,0,g remains in dynamical equilibrium
down to at least 0.1 Hz.

and consequently Sy (@, T) = ¢2Sg(w, T). Next, we carry out a
sequence of measurements consisting of varying the sample tem-
perature from 100 mK to 800 mK in steps of 50 or 100 mK and
measuring @(#,, ) with I" = 1,000 s at each temperature. From
that dataset, the Sg (w, T') for the temperature range 100 mK < 77
< 800 mK are derived using Eq. 4. These Sg(w, T') spectra at
T <T* are shown in Fig. 44 in the frequency range

https://doi.org/10.1073/pnas.2422498122 5 of 8


http://www.pnas.org/lookup/doi/10.1073/pnas.2422498122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422498122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422498122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2422498122#supplementary-materials

10*
H110°
3
~10° k2
™ o
I =
el —
g AP EY S
N:o 10 'é &
g, 2 =z =
£10 3 %3
= o .
% R
G =
J10° @ 3
o) & 5
c
210’ g o
3 g
T 2
{8
10 =
10°
1 1 N 1 0.1 1 1
1 10 100 1000 0 50 100
Angular frequency, w (rad+Hz) Time (ms)
C 4 7 D
800 10 E oF
o
©
< = S
E s 38
g o % £ 000
g = E1r [T}
g 400 3 T e o0 o0
£ & g
® og &
10" &
a
1 1 5 or | 1
10 100 1000 L 0 400 800
Angular frequency, w (rad*Hz) Temperature (mK)
1 E 105 r ‘ <
-~ =
0.8 s o Ps |. E
2 06 % i) [ ® =
[§) £ 1 3os
£ s o ° : 10" s
£ S t’_e 4| [ ] 1 @ 3
® c g 10 I 5
7] o c [ =
o = 3 1 S
£ 022 % I c
2 = > 2 O
9] x 1 10 =
(&) = N
“ 10’k @ T
0.1 ! ! 11 ! g}
50 100 100 200 400 800 g

Temperature (mK)

Time (ms)

Fig. 4. SSL noise of Ca;,Cr;0,5. (A) Typical measured power spectral density of flux noise S4(w, T) generated by Ca,,Cr,0,s samples for the temperature
range 100 mK < T <400 mK. Here, the error bars are the SE of separated segments (S/ Appendix). The noise spans a broad frequency range of at least
0.1 Hz < w/27 < 500 Hz. The equivalent power spectral density of magnetization noise at the sample Sy (w, T)is presented in units of Tesla on the right-hand axis.
An example of fitted @™ line (gray) is shown and obtained « is plotted in (D). These data may be compared to the expected SSL spin noise spectra predicted in
Fig. 2C. (B) Measured normalized correlation function C,(t, T)/C4(0, T) of flux noise &(t) generated by Ca;,Cr,0,5 for the temperature range 100 mK < 7 < 800 mK.
The gray dashed line is an exemplary —Int curve (1-0.14In(t(ms))). This may be compared with the expected temperature dependence of SSL correlation functions
predicted in Fig. 2D. (C) Top: Overall power spectral density of flux noise S, (w, T)generated by Ca,,Cr;0,5 samples for the temperature range 100 mK < 7 < 800 mK.
The noise power is the strongest at w/2z = 0.1 Hz around 400 mK and gradually declines as the temperature gets away and frequency gets higher. Bottom:
Evolution of C(t, T)/Cy(0, T) for the magnetic flux noise @(t) generated by Ca;(Cr;0,;at 100 mK < T < 800 mK. (D) Measured noise power-law index a(T) obtained
by fitting power spectral density Sg (@, T) = AN *Din the range 0.1 Hz < w/2x < 20 Hz. This is to be compared with the expected temperature dependence of
SSL noise power-law index predicted in Fig. 2E. (F) Temperature dependence of measured flux noise variance o’é(T) calculated from time series in Fig. 3B showing
a crossover peak around T* ~ 450 mK. The equivalent magnetization noise variance aﬁ,(T) is on the right axis. The noise diminishes for T < 300 mK with an
approximate power law 723 (blue line). These data can be compared to the expected temperature dependence of SSL noise variance o’%(T) as predicted in Fig. 2F.

60f 8

0.1 Hz <w/27x < 500 Hz. The full temperature range and full
frequency up to 50 kHz are shown in SI Appendix, Figs. S7A and
S8. The equivalent power spectral density of magnetization noise
Syr(@, T) in units of Tesla (M =B/ ) is shown at right. Even at

this elementary stage the phenomenology of Ca,,Cr,O,4 appears
quite remarkable because powerful fluctuations in the spin-1/2
magnetization of a mm-scale sample are spontaneously generating

magnetic fields approaching 1071% T and occur in a frequency range

https://doi.org/10.1073/pnas.2422498122

0.1 Hz < w/2x <50 kHz. Most profoundly, the Sy, (w, T) is
obviously scale invariant Sy, (@, T) o @~ 7
diminishes precipitously below 7 (Fig. 44).

We also measure the Ca,;,Cr;O,5 magnetic susceptibility

2@, T)= U782 = (0, T) + iy (@, T)

with Sy (w, T) (S Appendix). The primary superconductive coil
applies homogeneous axial AC magnetic fields B(w), whose flux
does not reach the SQUID due to the balanced astatic pair of coils

) and the noise power

simultaneously
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in the flux pickup system (Fig. 34). If the fluctuation—dissipation
theorem holds for the spin liquid (as it would not for a spin glass)
then y"'(w, T) should equal 7V Sy (w, T)/2ky T where V is
the sample volume (44). The simultaneously measured values of
7V ugwSy(w, T)/ 2k T, plotted versus y" (w, T') over the range
100 mK < 7" <500 mK, are presented in Fig. 3C. Evidently, the
fluctuation—dissipation theorem holds and dynamical equilibrium
is maintained in the spin liquid state of Ca,;Cr,O,g at tempera-
tures 7' < T, down to at least 0.1 Hz. Another characterization
technique for magnetization noise is the correlation function
Cy (2, T') which is evaluated directly from

[avc_l

ll % ®(5, T)O(4+1,T). 5]
The normalized correlation function Cg (2, T)/Ce(t =0, T) is
shown in Fig. 4B. As temperature is lowered, the enhanced spin cor-
relation grows becoming Cy (2, T)/Cy(t =0, T) ~ — Inz below
T (SI Appendix, Fig. S10B). Such a logarithmic decay of correlation
function is quite distinct from that of any system with a single relax-
ation time where Cg (2, T)/ Cp(t =0, T') = exp(—¢/7), and can
imply a distribution of microscopic relaxation times with proba-
bilities (45) p(r) x 1/7.

Fig. 44 presents the measured power spectral density of flux
noise Sg (@, T') generated by Ca, (Cr,O,g samples for the temper-
ature range 100 mK < 7" <400 mK. These S4 (@, T') data may
be compared to Fig. 2C. The measured correlation function
Cop(t, T)/ Cg(0, T)of flux noise generated by Ca,,Cr,O,g for 100
mK < 7'< 800 mK in Fig. 4B may be compared with Fig. 2D. In
Fig. 4C, the upper panel shows contour plots of overall power
spectral density of flux noise Sg (@, T') generated by Ca,;;Cr, 0,4
samples for the temperature range 100 mK < 7"'< 800 mK while
the lower presents Cg (¢, T7)/ Cg (0, T') for the same range. The
magnitude of power spectral density grows slowly down to 7% and
then diminishes rapidly below that. The coincidence of the cross-
over temperature 7 * indicates that the observed spin noise has the
same origin as that of susceptibility (21), specific heat (21, 25),
and muon spin rotation phenomenology (21). Fig. 4D shows the
measured noise power-law index a(7") obtained by fitting data in
Fig. 44 to the function Sg(w, T) = A(T)w~ ") in the range
0.1 Hz < w/27 <20 Hz (5] Appendix, Fig. S7B) and this is to
be compared with Fig. 2F. Finally in Fig. 4E we show the meas-

ured temperature dependence of flux noise variance 0'5)( T)derived

from Fig. 3B, showing a crossover peak at 7*and diminution with
power-law index f & 2.3 + 0.1; these data can be compared to the
predicted temperature dependence of SSL noise variance U%(T)

in Fig. 2F. The nonmonotonous rapid temperature dependence
of spin noise indicates that its origin is thermal fluctuations, which
is in line with the Monte Carlo simulation.
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