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Two-stage evolution of magnetic correlations in the spiral spin liquid material Ca;(Cr;053
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We present an X-band and tunable high-frequency/high-field electron spin resonance (HF-ESR) study
of single-crystalline Ca;yCr;0,5, which constitutes alternating antiferromagnetic and ferromagnetic kagome
bilayers. At high temperatures, a phonon-assisted relaxation process is evoked to account for the pronounced
increase of the linewidth in an exchange-narrowing regime (kg7 >> J). In contrast, at low temperatures (kg7 <
J), a power-law behavior in line narrowing is observed. Our data reveal two distinct power-law regimes for
the linewidth which crossover at 7* ~ 7.5 K. Notably, the intriguing evolution of the ESR linewidth in this
alternating kagome bilayer system with opposite sign of exchange interactions highlights distinct spin dynamics
compared to those in a uniform kagome antiferromagnet.

DOLI: 10.1103/PhysRevB.111.125144

I. INTRODUCTION

The search for quantum spin liquids (QSLs) has been a
central theme in contemporary condensed matter physics. In
QSLs, many-body interacting spins are long-range entangled
and form a coherently fluctuating, liquidlike ground state
without any spontaneously broken symmetry. The defining
features of QSLs are no static magnetism, emergent topo-
logical order, and fractionalized quasiparticles [1,2]. While in
the S = 1/2 Heisenberg antiferromagnetic chain, which may
be considered as a one-dimensional (1D) analog of a QSL,
spinon excitations carrying a fractional quantum number have
been well established [3,4], experimental evidence is less
clear in higher-dimensional QSL-candidate materials [5]. Key
ingredients to stabilize both gapless and gapped QSLs can be
geometrical and exchange frustration. Frustration provides a
prime route to generate macroscopic degeneracy of ground
states, thereby, suppressing static long-range order through
strong quantum fluctuations among possible competing spin
configurations. Prototypical examples of geometrically frus-
trated magnets are triangular, kagome, and pyrochlore lattices
[6-15], whilst exchange frustration is nicely embodied in the
Kitaev honeycomb lattice [16—18].

Going forward, it is highly desirable to search for new
classes of QSL materials which realize a frustration mo-
tif. In this regard, the recently discovered QSL compound
Ca;(Cr;0,5 could advance our understanding of QSLs as
its Hamiltonian is distinct from the canonical spin liquid
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models mentioned above [19-26]. The crystal structure of
Ca;(Cry0y5 comprises breathing kagome bilayers of Cr>*
ions (S = 1/2) lying in the ab plane and stacked along the
¢ axis in the space group of trigonal R3c [21]. As sketched
in Fig. 1, each kagome layer consists of two alternating
corner-sharing equilateral triangles with distinct exchange in-
teractions: one triangle exhibits ferromagnetic (FM) coupling
while the spins of the other triangle are antiferromagnetically
(AF) coupled [19]. The magnetic interactions in these two
layers are different. FM triangles with Jy = —0.27(3) meV
are stacked on top of AF ones with J3; = 0.11(3) meV, while
AFM triangles with J3; = 0.09(2) meV are stacked on top of
FM ones with J,; = —0.76(5) meV. The stacked triangles are
coupled to each other by a weak ferromagnetic intrabilayer
coupling, Jyo = —0.08(4)meV. The bilayers are decoupled
from each other and the system is effectively two-dimensional
[19,27]. Noticeably, the vertex-to-vertex arrangement of the
alternating FM and AF triangles both in the ab plane and
between the two layers of the bilayers results in a macroscopic
degeneracy, potentially stabilizing a QSL ground state [23].
Indeed, magnetic heat capacity, ac susceptibility, and uSR
studies on CajgCr;Opg show neither long-range magnetic
order nor spin freezing down to 19 mK [19]. Rather, a dynam-
ically fluctuating spin state is evidenced by the observation
of persisting spin dynamics down to the lowest temperatures
by uSR. In addition, inelastic neutron scattering (INS) shows
two broad diffuse bands in the energy ranges of 0-0.6 and
0.7-1.6 meV, with hexagonal ringlike scattering, indicative of
spinon excitations [19,20,25]. The spinon character of these
excitations is further supported by low-temperature specific
heat and heat transport data that show that the spectrum is
either gapless or exhibits only a very small gap [24,25]. All
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FIG. 1. Schematic of conventional uniform kagome structure
(a) and alternating kagome bilayer structure (b). Red and blue
triangles represent FM and AFM couplings within the triangles,
respectively. Small arrows represent effective spins in a § =1/2
kagome-lattice structure and big arrows represent effective spins in a
S = 3/2 Heisenberg honeycomb lattice structure.

these features are consistent with the formation of a QSL
ground state in Ca;(yCr;0,g. Additionally, recent spin noise
measurements, combined with Monte Carlo simulations, sug-
gest that CaoCr;0,g hosts a spiral spin liquid state [28]. This
raises the question of whether spin correlations in the FM/AF
alternating kagome bilayer system at hand differ from those
in uniform AF kagome single layers as suggested by a recent
numerical study of Pohle et al [23]. Their semi-classical sim-
ulations indicate that the QSL ground state incorporates two
different types of spin correlations at two distinct timescales:
one associated with fluctuations inherent to a kagome-lattice
antiferromagnet of localized spins S = 1/2, and the other de-
scribed by an effective S = 3/2 Heisenberg honeycomb lattice
[23] (Fig. 1).

Electron spin resonance (ESR) provides fundamental in-
formation about spin dynamics and magnetic anisotropies and
is an experimental method of choice to investigate the evo-
lution of spin correlations in the precursor phase of a QSL
ground state. In this work, we hence present an X-band and
tunable high-frequency (HF) ESR study of Ca;oCr;0,g above
the critical temperature of the spiral QSL phase. Our ESR
spectra show no indication of critical slowing down of spin
dynamics or gapped low-energy excitations. The salient find-
ing is temperature dependence of the ESR linewidth, which
follows two distinct power-law behaviors below 20 K. This
result implies the existence of two different spin-correlation
regimes inherent to the alternating bilayer kagome lattice of
C810CI'7028.

II. EXPERIMENTS

Single crystals (2 x 3 x 0.2 mm?) of Ca,yCr;0,5 were
grown as described in Ref. [21]. The samples employed for
our ESR measurements were characterized by means of dc
susceptibility, magnetization, heat capacity, INS, and heat
transport in the earlier studies [19-22,24,25]. X-band ESR
spectra were obtained by means of a JEOL spectrometer at
a fixed frequency of v =9.12GHz and in magnetic fields
of uoH = 0-1T. The spectra were recorded in the tem-
perature range 7 = 3.6-300 K. HF-ESR measurements were
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FIG. 2. Typical ESR spectra of Ca;(Cr;0,5 at various frequen-
cies and at T = 4K for (a) H||b and (b) H||c, and corresponding
resonance frequency-magnetic field diagrams.

performed using a transmission-type probe in a wide fre-
quency range of 50-190 GHz, and at temperatures between
T =2 and 140 K. Temperature control was ensured by tem-
perature sensors in both the probe and sample space which
was placed in the Variable Temperature Insert (VTI) of an
Oxford magnet system equipped with a 16 T superconducting
coil. A phase-sensitive millimeter-wave vector network ana-
lyzer MVNA) from AB Millimetre was used as a source and
detector [29].

III. RESULTS AND DISCUSSION

Figure 2 displays the frequency dependence of the HF-ESR
spectra measured at T = 4 K at frequencies 35 GHz < v <
190 GHz. The external magnetic field is applied along the
b- and c-axis, respectively. For frequencies below 110 GHz,
the ESR spectra consist of a single Lorentzian absorption
line which originates from paramagnetic Cr>*(3d") ions. The
spectra are exchange-narrowed due to fast electronic fluc-
tuations induced by exchange interaction between the Cr>*
spins. For frequencies higher than 110 GHz and for magnetic
fields H||c applied perpendicular to the layers, the resonance
line becomes asymmetric featuring a shoulder. The origin
of the shoulder is not completely clear. In a spin-frustrated
system like a kagome lattice, spin-spin correlations would
induce internal fields around the magnetic ions, resulting in
an additional feature deviating slightly from the main res-
onance position in the ESR spectra [30]. Another possible
reason for the shoulder feature is the mixing of phase and
amplitude signals, which thus may hinder appropriate phase
correction of the resonance feature. We also note that the
(sub)millimeter-sized samples at certain frequencies yielded
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FIG. 3. Temperature dependence of the ESR spectra measured
(a) at v = 110 and 98.4 GHz for H||b and H||c on the left-hand and
right-hand sides respectively, and (b) at v = 9.12 GHz for H||b and
H||c on the left-hand and right-hand sides, respectively. The spectra
in (a) are offset for clarity.

multiple reflection features. Note that possible variation of
g values due to different Cr°" sites yielding such a shoulder
feature would imply, at 9.12 GHz, line splitting of > 100 mT
which can be excluded by the X-band data. Thus HF-ESR
cannot reliably track the linewidth, so our analysis instead
utilizes the X-band data for this purpose. However, the main
resonance feature in our spectra is clear and sharp enough
to be precisely analyzed and the contribution of the shoulder
feature is relatively weak. The main peak is therefore used to
construct the resonance frequency vs. magnetic field diagrams
for H||b and H||c, as shown in Fig. 2. The resonance fields
show linear behavior with vanishing zero-field energy gap.
The obtained g values, g, = 1.94(4) and g, = 2.01(3), are
typical for the high valence state of tetrahedrally coordinated
Cr>* ions [31].

Figure 3 shows the temperature dependence of the ESR
signal recorded at v = 110 and 9.12 GHz for H||b as well as
at v = 98.4 and 9.12 GHz for H||c. For temperatures below
80 K, the data show the development of a substantial signal
whose intensity increases upon cooling. For a quantitative
analysis, the ESR spectra are fitted by a single Lorentzian
profile. The ESR integrated intensity, the effective g factor
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FIG. 4. Temperature dependence of the X-band ESR integrated
intensity measured for H||c and H||b, respectively. The grey line
represents the static magnetic susceptibility x. [21].

g = hv/upnoHres (With His being the resonance field), and
the linewidth o AH extracted from the fitting are plotted as a
function of temperature in Figs. 4, 5 and 6, respectively.

The integrated intensity of the ESR resonance, Igsg, probes
the intrinsic susceptibility xgsgr of the associated spins. For
both magnetic field directions, ygsg steeply increases with
decreasing temperature (see Fig. 4). In particular, the observed
steady increase of xgsr Without saturation or reaching a peak
exhibits no indication of a magnetic phase transition in the
measured temperature range. Also, any feature associated
with a gap in the excitation spectrum is absent. Typically, such
a gap would cause a decrease in xgsg at low temperatures
due to the depletion of thermally populated triplet states. In
agreement with previous studies [24,25], this either implies a
gapless ground state or that the spin-gap onset temperature
is much smaller than the measured temperature range. We
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FIG. 5. Temperature dependence of the effective g factor g =
hv/upioHees () at v =9.12GHz and v = 110 GHz for H||b, and
(b) at v =9.12GHz and v = 98.4 GHz for H||c. Dashed lines are
constant guide lines. Insets highlight the behavior below 20 K.
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FIG. 6. (a) Temperature dependence of the X-band ESR
linewidth for H||b and H||c, respectively. Solid lines represent the
linear fitting in the temperature range from 20 K to about 100 K.
(b) ESR linewidth at low temperatures below 16 K in a log-log plot.
Vertical dash line indicates 7* & 7.5 K as discussed in the text. Dash
lines and dash-dot lines are guides for eye below and above T*,
respectively.

further note that the ESR integrated intensity agrees very well
with the static magnetic susceptibility (Fig. 4), suggesting
that the ESR measurement and the static measurements are
probing the same spins.

The temperature dependence of the effective g factor and
hence of the resonance fields H.s implies different temper-
ature regimes, as exhibited in Fig. 5. As the temperature
increases through 90 K, the g factor increases for both H||c
and H ||b, while it remains temperature-independent in the in-
termediate range between 20 and 90 K. In the low-temperature
region, the X-band g values shift downward for H||b and
upward for H||c with decreasing temperature below 20 K.
Noteworthy is that the g factor obtained from the 98.4 GHz
data initially decreases, reaching a minimum around 9 K be-
fore undergoing an upturn.

The observed shift of the g factors signals the evolu-
tion of internal magnetic fields at the paramagnetic sites
below 20 K, thereby indicating the evolution of magnetic
correlations in this temperature regime [32,33]. The upturn
of the g factor for H||c indicates that the internal field along
the ¢ axis is weaker than the internal field along H||b, where
the downturn of the g factor occurs, representing a stronger
internal field induced by the strong intralayer interactions
within the plane, also supporting the finding of 2D magnetism.
This agrees with the observation of magnetic entropy changes

in the same temperature regime [20]. The g values obtained at
98.4 GHz for H||c which reflect the behavior at the resonance
field of ~3.6T significantly differ from the behavior in the
X-band data, i.e., at ~0.3 T [Fig. 5(b)]. Associating the g shift
with the internal field implies strong field-induced changes of
spin correlations for H||c. The nearly T-independent g factor
between 20 and 90 K is typical for a simple paramagnetic
state, while the increasing g factor above 90 K alludes to
the presence of additional relaxation channels. No structural
changes have been reported in the temperature range from
300 K down to 2 K [21].

Similar to the evolution of internal fields, distinct regimes
are also discernible in the temperature dependence of the EPR
linewidth o AH, as shown in Fig. 6(a). Above about 20 K, a
continuous increase of the linewidth is observed upon heating
for both magnetic field directions. In the restricted tempera-
ture range, the linear behavior of the linewidth is confirmed
with the linear fitting indicated as the solid lines in Fig. 6(a).
Above 100 K, the temperature dependence of the linewidth
exhibits further changes in particular for H||c [see Fig. 6(a)].
In the high-T paramagnetic (exchange-narrowing) regime,
HoAH is usually temperature independent as spin correlations
are dying out above the characteristic temperature, J/kg, and a
(modified) Kubo-Tomita limit may be reached [34-36]. Thus
the pronounced high-T increase of ©oAH indicates the pres-
ence of an additional relaxation mechanism with changing
processes through 90-100 K. The linewidth, at 20 K, is found
to be ~0.12-0.17 T, and increases to nearly 0.3 T (H||b) at
120 K. These values by far exceed the linewidths in Cr>*-
systems exhibiting only pure spin-spin relaxation [31,37]. We
attribute the observed behavior of the linewidth to a dominant
relaxation process via phonons [38—41].

Upon cooling, noAH exhibits a change in temperature
dependence at around 20 K signaling additional sharpening
of the ESR line [see Fig. 6(a)]. As will be discussed below,
the data also imply a crossover regime below ~7.5K [see
Fig. 6(b)]. The observed persistent decrease of the linewidth
with decreasing temperature below ~20 K is, in particular,
not typical for two-dimensional kagome systems, which are
supposed to evolve short-range spin correlations below kg7 ~
J leading to an increase of linewidth upon cooling [42—44].
The absence of critical line broadening down to the lowest
measured temperature 7 = 3.6 K excludes the presence of
critical fluctuations of the staggered magnetization and is thus
consistent with the lack of static magnetic order. Due to the
restricted temperature regime where the smooth linewidth de-
creasing is observed, a quantitative estimate can, however, not
reliably be performed.

We note that the low-temperature regime of linewidth
decrease persists up to the effective magnetic energy scale
(Jetr/kp) of about 16 to 20 K, as inferred from (i) the saturation
field of magnetization and specific heat of 12 T indicating
magnetic interactions of about 1.4 meV [20], (ii) the de-
viation of the magnetic susceptibility from the Curie-Weiss
behavior below 20 K [20,22], and (iii) the upper temperature
of the broad magnetic specific heat peak suggesting mag-
netic entropy changes only below 20 K with spin correlations
persisting up to this temperature [20,22]. We associate the
power-law decrease of the linewidth to the intrinsic spin dy-
namics of the alternating bilayer kagome system sensitively
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probed by the ESR linewidth. We emphasize that phonon-
assisted relaxation is negligible and no structural instabilities
are present at low temperatures. Instead, the power-law depen-
dence of the ESR linewidth is often related to spin correlation
dynamics in magnetic systems.

The smoothly decreasing linewidth below 16 K (i.e., where
T < Jegr) displays two distinct regimes separated around 7* ~
7.5K. In order to clarify these regimes, the linewidth below
16 K is plotted in a log-log scale in Fig. 6(b). The difference
between the two regimes is highlighted with the two power-
law guide lines, uoAH o T", where the exponent n conveys
information about the underlying nature of spin excitations.
Below T*, the exponent n is 0.51(8) and 0.52(6), and above
T*, nis 0.37(8) and 0.33(3), for H||b and H ||c, respectively.
This change in n suggests an alteration in the underlying mag-
netic correlations, which evolves smoothly over temperature,
as indicated in Ref. [45]. The two distinct regimes separated
around T* are characterized by a change of anisotropy and
accordingly by a change in spin excitations which suggests
the presence of two magnetic energy scales. It is noteworthy
that the crossover temperature 7*/kg >~ 0.6 meV detected by
the ESR linewidth agrees well with the energy separating
two distinct spin excitation bands observed in INS, the lower
one ranging from 0-0.6 meV and the upper one covering
0.7-1.5 meV [19,20]. Further, temperature-dependent muon-
spin relaxation rates and stretching exponents obtained from
uSR data exhibit an increase below ~7 K [19]. In this respect
it may reflect the two different types of correlations at two
distinct time-scales, as numerically identified by Pohle et al.
[23]. More specifically, the weaker power-law dependence of
HwoAH is attributed to magnetic correlations in the effective
S = 3/2 honeycomb lattice, whereas the stronger power-law
dependence reflects a crossover to spin dynamics pertinent
to the S = 1/2 kagome antiferromagnet. Taken together, the
two-stage behaviors observed in INS and ESR measurements
suggest that the studied compound is effectively described by
two distinct magnetic sublattices emerging from the bilayer
kagome lattice, where exchange interactions feature opposing
signs and different energy scales.

IV. CONCLUSIONS

In summary, we have presented an X-band and HF-ESR
study of the spiral spin liquid candidate material Ca;oCr;705s.
At higher temperatures, the temperature dependence of the
ESR linewidth suggests the presence of an additional, pre-
sumingly phonon-related relaxation process. Upon cooling,
the linewidth and the resonance field positions imply the
evolution of two-stage spin correlations below ~20 K. In the
correlated paramagnetic regime (kg7 < Jefr), the linewidth
exhibits power-law narrowing with decreasing temperature,
not typical for two-dimensional uniform kagome systems. No-
tably, the ESR data reveal two distinct regimes of power-law
behavior of the linewidth, with a crossover at T* ~ 7.5K,
which are interpreted as the emergence of two magnetic
sublattices with disparate magnetic correlations. This obser-
vation highlights that frustrated spin systems with complex
exchange interactions of opposite signs and varying strengths
can effectively be mapped onto subsystems with simpler spin
topologies.
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