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We report the dynamical magnetic properties of the s = 3
2 kagome ferromagnet Li9Cr3(P2O7)3(PO4)2 using

magnetic susceptibility, specific heat, electron spin resonance (ESR), and nuclear magnetic resonance techniques.
The magnetic susceptibility and specific heat show ferromagnetic ordering at TC = 2.7 K. The in-plane ferro-
magnetic correlation length ξab deduced from the magnetization curves reveals that ξab increases steeply from
18.2 to 41.3 Å as the temperature is lowered from 50 K to TC, indicative of the persistence of two-dimensional
magnetic correlations up to temperatures as high as ∼18 TC. The ESR linewidth �Hpp and magnetic specific
heat data indicate a change in spin dynamics at about T ∗ ≈ 4.4TC. Intriguingly, for temperatures below 50 K,
we observe an unexpected suppression of the 7Li spin-lattice relaxation rate 1/T1. The decrease in 1/T1, which
occurs well above TC, is at odds with the critical slowing down of magnetic correlations typically observed in
conventional ferromagnets. This anomalous thermal evolution of spin fluctuations is interpreted in terms of the
concerted interplay of flat and Dirac magnon bands inherent in kagome ferromagnets.
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I. INTRODUCTION

Recently, topological magnon insulators, bosonic analogs
of electronic topological insulators, have garnered funda-
mental interest because they provide a prominent platform
for exploring topological phases and phenomena of charge-
neutral bosonic quasiparticles [1,2]. Chern magnon bands
have far-reaching ramifications in heat and spin transport as
well as in magnon dynamics.

In particular, the presence of topologically protected
magnon edge modes within a bulk band gap can give rise
to the magnon Hall effect [3–7]. The Dzyaloshinskii-Moriya
interaction, acting as an effective spin-orbit coupling for
magnons, opens gaps at finite energies in the spin-wave spec-
trum and leads to a finite Berry curvature. The Berry curvature
of magnon bands induces a transverse magnon current per-
pendicular to an applied temperature gradient. A number
of theoretical models for achieving topologically nontrivial
magnon bands and the thermal Hall effect have been proposed
in diverse systems based on different types of spin lattices,
such as honeycomb ferromagnets, triangular antiferromag-
nets, noncollinear or noncoplanar kagome antiferromagnets,
and kagome ferromagnets [8–17]. Experimental evidence
for the predicted magnon Hall effect has been reported for
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the pyrochlore ferromagnet Lu2V2O7, kagome ferromagnet
Cu(1,3-bdc), and honeycomb antiferromagnet Na2Co2TeO6

[18–23].
Among different spin lattices, the kagome ferromagnets

provide a unique setting to investigate the behavior of flat
bands, Dirac fermions, topological phase transitions, and
novel topological excitations [24–26].

Li9Cr3(P2O7)3(PO4)2 (trigonal space group P3̄c1), ab-
breviated as LCPP, is a rare example of s = 3

2 kagome
ferromagnets [27]. As shown in Figs. 1(a) and 1(b), corner-
sharing equilateral triangles of Cr3+ (3d3) ions form a kagome
lattice, in which CrO6 octahedra share corners with PO4

tetrahedra and P2O7 polyhedra in the ab plane. The adja-
cent kagome planes are well separated by Li+ ions. Magar
et al. [28] extensively characterized the magnetic properties
of LCPP. By employing density functional theory calculations
and analyzing magnetic susceptibility, they determined that
the nearest-neighbor intralayer ferromagnetic (FM) exchange
coupling is approximately J/kB = −1.2 K, while the small
interlayer coupling is ∼2% of J , which stabilizes the FM
ordering at TC ≈ 2.6 K. The magnetic entropy is partially re-
leased at TC, and the broadening of the electron spin resonance
(ESR) line persists well above TC, indicating the quasi-two-
dimensional (quasi-2D) nature of magnetic correlations. In
addition, the large magnetocaloric effect observed around TC

renders the material a potential candidate for magnetic re-
frigeration. Despite identifying quasi-2D spin dynamics, not
much is known about the relationship between spin correla-
tions and the inherent topological magnon bands in kagome
ferromagnets.
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FIG. 1. (a) Crystal structure of Li9Cr3(P2O7)3(PO4)2 (LCPP). CrO6 octahedra share the corners with PO4 tetrahedra and P2O7 polyhedra
in the ab plane, and the Li atoms lie between the layers. (b) Cr3+ spins form kagome layers in the ab plane that are slightly rotated by a small
angle. (c) Rietveld refinement of the x-ray diffraction pattern for LCPP. The observed data, Rietveld refinement fit, Bragg peaks, and difference
curve are denoted by the green open circles, red solid line, blue solid line, and vertical magenta dashes, respectively. The inset shows a photo
of LCPP single crystals. (d) XRD pattern with (00L) orientation. (e) Temperature dependence of the dc magnetic susceptibilities of LCPP for
H ‖ ab and H ⊥ ab in an applied field of μ0H = 2 T. The inset shows the 1/χ plot. The red solid line represents the Curie-Weiss law. (f)
Magnetization curves of LCPP measured at T = 1.8 K for two field orientations, H ‖ ab and H ⊥ ab.

Herein, we investigate the dynamical magnetic proper-
ties of the s = 3

2 kagome FM material LCPP by combining
thermodynamic and magnetic resonance techniques. Mag-
netization, ESR, and 7Li NMR reveal that FM correlations
persist up to 50 K, which corresponds to approximately 18TC.
Interestingly, we observe an unexpected decrease of the 7Li
spin-lattice relaxation rate 1/T1 below 18TC (in a paramag-
netic state). Additionally, we identify a crossover of the ESR
linewidth and a broad hump of the magnetic specific heat at
about T ∗ ≈ 12 K (≈4.4TC). These findings demonstrate the
significant role of flat magnon bands in inducing intriguing
short-range spin dynamics.

II. EXPERIMENTAL DETAILS

To grow single crystals of Li9Cr3(P2O7)3(PO4)2, a mix-
ture of LiCO3, Cr2O3, and NH4H2PO4 (99.95% purity) was
thoroughly ground and placed in a platinum crucible. First,

the mixture was heated at 300 ◦C and 600 ◦C in the air for
12 h each (with a heating rate of 100 ◦C/h), with intermedi-
ate grindings. Next, the preheated sample was reground and
heated at 950 ◦C for 24 h with a heating rate of 100 ◦C/h.
Then, the furnace was cooled down to 850 ◦C, 750 ◦C, and
650 ◦C, each with a cooling rate of 1◦C/h, and finally cooled
down to room temperature with a cooling rate of 100 ◦C/h.
The resulting single crystals were separated from the cru-
cible and subsequently washed with hot water. The inset of
Fig. 1(c) shows the hexagonal, green-colored single crystals
of LCPP.

To check the phase purity of the grown crystal, we
recorded an x-ray diffraction (XRD) at room tempera-
ture. Crushed crystal powder was used for the XRD
measurement. The data were analyzed by Rietveld anal-
ysis using the FULLPROF package. Figures 1(c) and 1(d)
display the XRD pattern of Rietveld refinement for a pul-
verized LCPP single crystal and the XRD pattern for the
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preferred (00L) orientation of the LCPP single crystal, re-
spectively. We obtain the refined lattice parameters a =
9.6692(3) Å, c = 13.5862(8) Å, and V = 1100.03(8) Å3,
which are consistent with the literature [27,28]. The
refinement yields a goodness of fit, Rp = 12.15%, Rwp =
16.53%, Rexp = 7.55%, and χ2 = 4.78.

Magnetic measurements were performed using a super-
conducting quantum interference device vibrating-sample
magnetometer (Quantum Design, USA). The specific heat
was measured using a physical property measurement sys-
tem (Quantum Design, USA) with the standard relaxation
method. For ESR experiments, we used a conventional
X -band ESR system (JEOL JES-RE3X). The ESR signals
were recorded by sweeping an external field at a fixed fre-
quency of ν = 9.12 GHz. The temperature is varied between
3.6 and 300 K using a continuous He flow cryostat (ESR 900,
Oxford Instruments).

7Li (I = 3/2 and γN = 16.5471 MHz/T) nuclear mag-
netic resonance (NMR) experiments were conducted using
a MagRes spectrometer (developed at National High Mag-
netic Field Laboratory, USA) and a 14 T Oxford Teslatron
PT superconducting magnet. An external magnetic field of
μ0H = 2 T was applied parallel to the ab plane of the single
LCPP crystal. The 7Li NMR spectra were acquired using
a standard Hahn-echo method with a π/2 pulse length of
1.5–2 μs. To study the low-energy spin dynamics of Cr3+

spins, we measured the spin-lattice relaxation rate 1/T1 versus
temperature by employing the saturation recovery technique
with double saturation pulses. In our analysis, we fitted
the nuclear magnetization recovery curve M(t ) with both a
conventional stretched exponential function M(t ) = M∞[1 −
exp(−t/T str

1 )β], where β is the stretching exponent, and the
inverse Laplace transform (ILT) method based on Tikhonov
regularization [29,30].

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility and specific heat

Figure 1(e) presents the temperature dependence of the dc
magnetic susceptibility χ (T ) of LCPP single crystals mea-
sured in an external field of μ0H = 2 T. The rather high
external field is applied for comparison with the NMR shift
(see Sec. III D). Upon cooling down to 1.8 K, χ (T ) steeply
increases, indicative of the development of FM correlations
and eventual FM ordering at TC ∼ 2.7 K [see the inset of
Fig. 2(a)]. In the high-temperature paramagnetic regime (T =
20–300 K), the χ (T ) data follow the Curie-Weiss (CW)
behavior χ (T ) ∼ C/(T − 	), as shown in the 1/χ plot in
the inset of Fig. 1(e). From the CW fitting, the effective
magnetic moment and the CW temperature are evaluated to
be μeff = 3.81μB/Cr3+ and 	 = 5.49 K for H ‖ ab, respec-
tively, and μeff = 3.75 μB/Cr3+ and 	 = 5.05 K for H ⊥ ab.
The positive 	 indicates dominant FM interactions between
the Cr3+ spins. The extracted effective magnetic moments
are slightly smaller than the expected spin-only value of
μcal = 3.87μB/Cr3+.

To gain more insight into the magnetic properties of the
LCPP single crystal, we further measured the field depen-
dence of magnetization M(H ) along H ‖ ab and H ⊥ ab at

FIG. 2. (a) Temperature dependence of the specific heat Cp(T )
for a Li9Cr3(P2O7)3(PO4)2 single crystal measured in zero field.
The red solid line represents the phonon contribution calculated
using the combined Debye and Einstein model. The inset com-
pares the low-temperature Cp(T ) data between 0 and 1 T. (b) The
magnetic specific heat Cmag (black circles) and the spin en-
tropy change �Sm (red line) as a function of temperature. The
horizontal dotted line indicates a theoretical value of the total mag-
netic entropy. The vertical arrows mark the magnetic transition
and crossover.

1.8 K. The results are presented in Fig. 1(f) after correct-
ing anisotropic demagnetization effects (the demagnetization
factor N = 0.88 for H ⊥ ab). The in-plane M(H ) saturates
at a slightly lower field than the out-of-plane M(H ). This
coincides with a previous study [28] which revealed
that LCPP is a ferromagnet with a small easy-plane
anisotropy.

Figure 2(a) presents the temperature dependence of the
specific heat Cp(T ) of LCPP. In the absence of an applied
magnetic field, we observe a λ peak at TC = 2.7 K, con-
firming the FM ordering. With increasing applied field, the
peak broadens and shifts to higher temperatures, as shown in
the inset Fig. 2(a). The broad maximum points to a transi-
tion to a FM polarized state. The red solid line denotes the
lattice contribution Cph(T ) to the total specific heat. The mag-
netic specific heat Cm(T ) is separated by subtracting Cph(T )
from Cp(T ). To estimate the Cph contribution, we fitted the
Cp data to a combination of one Debye and two Einstein
terms as [31]

Cph(T ) = fDCD(θD, T ) +
2∑

i=1

giCE(θi, T ). (1)
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FIG. 3. (a) Derivative of the ESR absorption spectra at selected temperatures for H ‖ c and H ‖ ab. (b) Temperature dependence of the g
factors for H ‖ c (pink circles) and H ‖ ab (green squares). (c) Log-log plot of the peak-to-peak linewidth �Hpp as a function of the reduced
temperature. The dashed lines are power-law fits. The gray shading marks the onset temperature of the critical increase of �Hpp.

The Debye and Einstein terms are given as

CD(θD, T ) = 9nR

(
T

θD

)3 ∫ θD
T

0

x4ex

(ex − 1)2
dx,

CE(θE, T ) = 3nR

(
θE

T

)2 e
θE
T(

e
θE
T − 1

)2 , (2)

where x = h̄ω
kBT with a vibration frequency ω, R = 8.314

J/(mol/K) is the universal gas constant, and θD and θE are
the characteristic Debye and Einstein temperatures, respec-
tively. Fitting the Cp(T ) data to Eq. (1) in the T = 23–210 K
range yields the following fitting parameters: θD = 904.(8) K,
θE1 = 102.(7) K, and θE2 = 275.(0) K and the weight factors
fD = 0.69(5), g1 = 0.09(7), and g2 = 0.20(8).

The low-temperature Cm(T ) data are plotted in Fig. 2(b). In
addition to the λ-like peak at TC, a broad hump is discernible
at T ∗ ≈ 13 K, alluding to the presence of emergent spin
correlations above TC. We further calculate the spin entropy
change �Sm by integrating Cm/T with respect to temperature
(�Sm = ∫ Cm

T dT ). As shown on the right axis of Fig. 2(b),
a spin entropy of 12.38 J/(mol/K) is released below TC =
2.7 K, which corresponds to ∼37.5% of the total spin entropy
33.03 J/(mol/K) [close to the theoretical total spin entropy
3Rln(2S + 1) = 34.58 J/(mol/K) for s = 3

2 ]. The remaining
∼62.5% of �Sm is released between TC and 26 K. This
demonstrates that short-range correlations persist at least up
to 26 K. It is noteworthy that the same conclusion is drawn
from the specific heat study reported previously in Ref. [28].

B. ESR

To obtain information about the thermal evolution of
spin correlations, we conducted X -band ESR measurements.
Figure 3(a) shows the selected ESR spectra in the T =
3.6–260 K range for H ‖ c and H ‖ ab, respectively. All

the measured ESR spectra are well described by a single
Lorentzian profile, implying that the ESR signals are ex-
change narrowed due to the fast electronic fluctuations of the
Cr3+ spins.

With decreasing temperature to 3.6 K, the ESR signal
broadens progressively and shifts to higher (lower) fields for
H ‖ c (H ‖ ab). For quantitative analysis, the ESR absorption
lines were fitted to the derivative of a Lorentzian profile.
The resulting parameters are plotted against temperature in
Figs. 3(b) and 3(c). At T = 260 K, the effective g factors
are evaluated to be gab = 1.99 and gc = 1.97, which are
comparable to gab = 1.968 ± 0.003 and gc = 1.958 ± 0.003
determined by multifrequency FM resonance measurements
[28]. The slightly anisotropic g tensor, being smaller than
the free spin value of g = 2.0023, is typical for a less-than-
half-filled Cr3+ ion with a negligible spin-orbit interaction in
an octahedral ligand coordination [32,33]. On cooling from
50 K, gab increases rapidly towards 2.14 as T → TC, while
gc shows a substantial decrease to 1.43. The positive shift of
gab, corresponding to a negative shift of the resonance field for
H ‖ ab, is consistent with an easy-plane ferromagnet.

Figure 3(c) exhibits the peak-to-peak linewidth �Hpp as
a function of reduced temperature, Tr ≡ (T − TC)/TC, on a
log-log scale. In the simple paramagnetic regime above 50 K,
�Hpp(T ) is largely independent of temperature. As the tem-
perature is lowered from 50 K, however, �Hpp(T ) shows a
weak increase, indicating the development of magnetic cor-
relations. Upon cooling through T ∗ = 12 K (∼4.4TC), the
critical increase of �Hpp is described by the power-law form
�Hpp(T ) ∼ T −p

r , with exponents of p = 0.2(4) for H ‖ c
and p = 0.1(6) for H ‖ ab. The critical exponent p is re-
lated to the spatial decay of static correlations, depending
on dimensionality. On approaching TC, the critical slowing
down diminishes, leading to deviations from the power-
law behavior. The change from the smooth increase to the
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FIG. 4. (a) Temperature and field dependence of magnetization
curves for H ‖ ab scaled by MS = gSμB for each temperature.
(b) Temperature dependence of the number of ferromagnetically
correlated moments ñ (black circles; left axis), the ferromagnetic
correlation length ξab (pink squares; pink right axis), and the ESR
linewidth �Hpp (open triangles; blue right axis).

critical broadening through T ∗ is of pure magnetic origin
since the absence of g factor anomaly excludes a structural
distortion. Overall, the larger exponent of the out-of-plane
�Hpp(T ) is associated with the augmentation of critical fluc-
tuations due to interlayer couplings or easy-plane anisotropy.
Furthermore, the concurrent critical line broadening and the g
factor shift evidence the persistence of short-range spin corre-
lations as high as 18TC, generic to low-dimensional quantum
magnets. Essentially the same behavior has also been ob-
served in the high-frequency ESR experiment [28]. Compared
to other 2D systems [34], the small exponent p observed in
LCPP, together with the persistence of magnetic correlations
to very high temperatures, suggests the significance of local-
ized spin correlations inherent in kagome ferromagnets [21].

C. Thermal evolution of magnetic correlation length

Figure 4(a) presents the magnetization curves M(H, T )
measured in the temperature range below T = 50 K. The
M(H, T ) curves are scaled to the expected saturation values
Mab

S = gabSμB. As inferred from the ESR data, FM correla-
tions start to develop at 50 K. As such, we attempt to describe
the M(H, T ) curves as the sum of a modified Brillouin

function BS̃ and a linearly increasing term:

M(H, T ) = MSBS̃

(
gμBS̃B

kBT

)
+ χ0B, (3)

where S̃ is the effective spin of the correlated cluster and
χ0 is a field-independent contribution to magnetic suscepti-
bility. From the obtained S̃, we can determine the number
of ferromagnetically correlated Cr3+ moments, ñ = S̃/S. As
shown in the solid circles in Fig. 4(b), ñ rapidly increases as
the temperature is decreased from T = 50 to 5 K. Assum-
ing a homogeneous distribution of ñ correlated spins in the
ab plane, the FM correlation length ξab can be evaluated as
ξab =

√
(2

√
3d2/π )S̃ [35], where the distance between the

nearest-neighbor Cr3+ spins is d (Cr − Cr) = 4.9694 Å, as
depicted by the green lines in Fig. 1(b). The resulting ξab (pink
squares) is plotted together with the ESR linewidth �Hpp

(open blue triangles) as a function of temperature in Fig. 4(b).
It is found that ξab � 18.2 Å at 50 K increases towards ξab �
41.3 Å as the temperature approaches 5 K. It is worth noting
that the s = 1

2 kagome ferromagnet α − MgCu3(OD)6Cl2 and
van der Waals ferromagnet CrI3 display a similar thermal
evolution of in-plane magnetic correlation length well above
TC [36,37]. Furthermore, we find a close overlap between the
ESR linewidth �Hpp and the correlation length ξab, which
relies on the fact that the critical broadening ESR linewidth is
associated with the spatial decay of the static spin correlations.

D. 7Li NMR

The temperature dependence of the 7Li NMR spectra of
LCPP is shown in Fig. 5(a). The crystal is oriented in a field
direction parallel to the ab plane. We observe two NMR lines
labeled P1 and P2, which are closely spaced. Since LCPP
contains three crystallographically different Li sites, we nor-
mally expect to observe three NMR peaks. Nonetheless, we
note that the distances between the Cr and Li sites are given
by d1(Cr-Li I) = 5.39167 Å, d2(Cr-Li II) = 3.38010 Å, and
d3(Cr-Li III) = 3.02599 Å. The 2:1 intensity ratio between
the P1 and P2 peaks, combined with the comparable distances
between the Cr and Li II/Li III sites, indicates an overlap of
the Li II/Li III resonance lines within the P1 peak. Although
this qualitative argument offers a plausible explanation for the
two observed NMR lines, we admit that a sophisticated quan-
tum mechanical method is required to accurately compute the
hyperfine tensor and NMR line shift. Moreover, the 7Li (I =
3/2) NMR spectrum generically consists of three resonance
lines: a pair of satellite resonance lines (|− 3

2 〉 ←→ |− 1
2 〉,

| 1
2 〉 ←→ | 3

2 〉) and a central resonance line (|− 1
2 〉 ←→ | 1

2 〉).
In the case of LCPP, the quadrupole splitting between the
central and satellite resonance lines is estimated to be �ν =
νC − νQ < 0.2 MHz, which is smaller than the linewidth of
our NMR spectrum. This small quadrupole splitting accounts
for the unresolved satellite lines.

With decreasing temperature, the NMR peaks shift to-
ward higher fields, while their linewidth gradually increases.
The line shift and broadening concur with the development
of long-range magnetic ordering towards TC. The relative
shift of the NMR line stems from the local magnetic fields
and is quantified by K = (νpeak − ν0)/ν0×100 (%), where
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FIG. 5. (a) 7Li NMR spectra of LCPP measured at μ0H = 2 T ‖ ab. (b) Temperature dependence of the magnetic shift Km(T ) of the 7Li
nuclear spins. The inset plots the temperature dependence of the magnetic shift versus dc susceptibility. The solid line is the Clogston-Jaccarino
plot as described in the text. (c) Distribution function P(1/T1) as a function of temperature. The symbols mark two components of 1/T1: 1/T1s

(green inverted triangles) and 1/T1f (pink triangles). (d) Temperature dependence of the spin-spin relaxation rate 1/T2 (left axis) and the
stretched exponent β (right axis). (e) Log-log plot of the 7Li spin-lattice relaxation rates 1/T1s, 1/T1f , and T str

1 along with the center of gravity
(COG). The dashed lines are fits to the power-law dependence 1/T1 ∼ T n, and the solid red line is fit to the spin-gap behavior T α exp(−�flat/T ).

ν0 = γNH0 is the unshifted Larmor frequency. The NMR shift
comprises two contributions, K (T ) = K0 + Km(T ). The first
term is a chemical or orbital shift, which arises from the cou-
pling with the Li electron density distribution. Km(T ) is the
magnetic shift resulting from the hyperfine coupling between
the 7Li nuclear spins and the Cr3+ spins. Shown in Fig. 5(b)
is the temperature dependence of Km(T ), which reflects
the intrinsic magnetic susceptibility χ (T ). With decreasing
temperature through 5 K, the increment in Km(T ) becomes
enhanced. By correlating Km(T ) with χ (T ) with temperature
being an implicit parameter, we estimate the dipolar hyperfine
coupling Ahf between the 7Li nuclear spins and the Cr3+

electron spins. In this so-called Clogston-Jaccarino Km − χ

plot, Km is fitted using the equation

Km(T ) = K0 +
(

Ahf

NAμB

)
χ (T ), (4)

where NA is Avogadro’s number. Here, the zero intercept gives
the chemical shift K0. The Km − χ fit in the T = 5–50 K range
yields the hyperfine coupling constant Ahf = 10.81 mT/μB

[see the inset of Fig. 5(b)]. As the temperature is lowered from
5 K, we observe a deviation from the linear Km − χ relation,
alluding to the presence of extrinsic effects.

Next, we turn to the 7Li spin-lattice relaxation rate 1/T1,
which conveys information about low-energy spin dynam-
ics. The results are summarized in Figs. 5(c)–5(e). We first
determined T str

1 by fitting M(t ) to the stretched exponen-
tial function. On cooling from T = 30 K, the stretched
exponent β(T ) ≈ 0.98 exhibits a monotonic decrease to
β(T = 3 K) ≈ 0.6 [green squares in Fig. 5(d)], implying a

substantial distribution of 1/T1 values at low temperatures.
This together with the presence of two closely spaced 7Li
NMR lines renders it difficult to obtain reliable 1/T1 data.
To overcome this, we employed the ILT method to ana-
lyze M(t ) = ∑

i P(1/T1i )[1 − exp(−t/T1i )], where P(1/T1i )
represents the histogram of 1/T1i subject to the condition∑

i P(1/T1i ) = 1.
In Fig. 5(c), we present a cascade plot of P(1/T1i ) for

selected temperatures at T = 4–20 K. A two-peak structure
in P(1/T1i ) becomes discernible for temperatures below 20 K.
By deconvoluting the P(1/T1i ) histogram into two Gaussian
profiles, we obtain the temperature dependence of 1/T1s (in-
verted green triangles) and 1/T1f (pink triangles), as plotted
in Fig. 5(e) on a log-log scale. It is worth emphasizing that
T str

1 has a close overlap with the center of gravity (crosses) of
P(1/T1i ), validating the accuracy of our ILT analysis. With
lowering temperature below 50 K, 1/T1s decreases contin-
uously. We identify a power-law decrease T 1.58±0.04 in the
T = 3–11 K interval. Notably, 1/T2 goes hand in hand with
1/T1s in their thermal evolution [compare the diamonds in
Fig. 5(d) with the inverted triangles in Fig. 5(e)]. This means
that 1/T2 is governed by the 1/T1 mechanism. Further, we
observe that 1/T1f also displays a power-law dependence
T 0.92±0.03 below T ∗. Overall, the pseudogaplike suppression
of 1/T1 below 50 K (in a paramagnetic state) is incompatible
with their anticipated critical diverging behavior as T → TC,
indicating that unconventional spin fluctuations are dictated
by low-energy spin excitations.

In conventional ferromagnets, 1/T1 is dominated by the
q = 0 critical fluctuations that give rise to a critical increase
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of 1/T1 ∼ T −p
r as the temperature approaches TC from a

paramagnetic state. In the FM ordered state, however, 1/T1 is
dictated by the scattering of magnons off nuclear spins, lead-
ing to power-law temperature dependences for temperatures
larger than the spin-wave gap. Specifically, the spin-lattice
relaxation rate exhibits a T 2 behavior with a logarithmic cor-
rection due to the Raman process and a T 7/2 behavior due to
a three-magnon process [38]. Taken together, the intriguing
temperature dependence of 1/T1 observed well above TC can-
not be captured by the aforementioned relaxation processes
associated with acoustic magnons or paramagnons. In this
situation, we recall that in kagome ferromagnets, a

√
3×√

3
magnetic superstructure emerges, and localized magnetic fluc-
tuations develop on the hexagonal plaquette spins [21]. These
fluctuations are pertinent to the optical flat magnon bands, and
their effect is empirically described by the spin-gap formula
1/T1s ∼ T α exp(−�flat/T ). In the high-temperature range of
T = T ∗–40 K, where the critical slowing down is negligible,
the gapped optical magnons provide a good description of
1/T1 with an effective spin gap of �flat ≈ 2.6J and α ≈ 0.97,
as shown by the red line in Fig. 5(e). Here, we note that the ef-
fective spin gap is slightly smaller than the energy scale 3J of
the flat magnon band [21]. As χ (T ) shows no deviation from
the CW behavior above 15 K [see the inset of Fig. 1(e)], the√

3×√
3 mode mainly affects the dynamic (q �= 0) magnetic

susceptibility. Further, 1/T1 switches to a power-law decrease
through T ∗, suggesting that other 1/T1 mechanisms come into
play. Specifically, q = 0 critical fluctuations, gapped magnons
arising from the FM polarized state, and Dirac magnon bands
may all contribute to 1/T1. Further investigations are needed
to understand how all these sources result in a power-law
decrease.

It is noteworthy that a similar NMR anomaly was observed
in Cu3TeO6, which also hosts topological Dirac magnons [39].
We stress that our LCPP and Cu3TeO6 commonly feature
topologically nontrivial flat optical magnon bands in addition
to acoustic magnons. As such, the optical spin wave can serve
as an additional relaxation channel on top of conventional
relaxation mechanisms. Since a flat magnon band is defined
on a hexagonal plaquette, it forms at a higher temperature than

acoustic magnon bands. Consequently, certain short-range
dynamics can appear at elevated temperatures, way higher
than TC.

IV. CONCLUSIONS

We have investigated the static and dynamical magnetic
behavior of the kagome ferromagnet Li9Cr3(P2O7)3(PO4)2

using magnetic susceptibilities, magnetization, specific heat,
ESR, and 7Li NMR. Magnetic susceptibility and specific heat
showed a FM order below TC ∼ 2.7 K. The ferromagnetic
correlation length extracted from M(T, H ) and spin dynamics
determined by the 7Li spin-lattice relaxation rate and the ESR
linewidth evidenced that 2D magnetic correlations develop at
much higher temperatures, up to 18TC, and the spin dynamics
changes at T ∗ ≈ 4.4TC. The observed spin dynamics cannot
be solely explained by q = 0 critical fluctuations. Rather,
gapped optical magnons dominate over low-energy spin ex-
citations developing in the vicinity of the FM ordering vector
at temperatures above TC. Our study suggests that the thermal
characteristics of spin dynamics in kagome ferromagnets are
closely related to their magnon band structure. We call for
further investigations to elucidate the relationship between
the dynamical spin behavior and magnon band topology in
kagome ferromagnets, as well as to test the presence of the
magnon Hall effect.
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