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Probing loop currents and collective
modesof chargedensitywaves inKagome
materials with NV centers
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Recently, the unconventional charge density wave (CDW) order with loop currents has attracted
considerable attention in the Kagome material family AV3Sb5 (A = K, Rb, Cs). However, experimental
signatures of loop current order remain elusive. In this work, based on the mean-field free energy, we
analyze the collective modes of unconventional CDW order in a Kagome lattice model. Furthermore,
we point out that phase modes in the imaginary CDW (iCDW) order with loop current orders result in
time-dependent stray fields. We thus propose using nitrogen-vacancy (NV) centers to detect these
time-dependent stray fields, providing a potential experimental approach to identifying loop
current order.

In condensed matter physics, electron correlations can lead to the emer-
gence of new states of matter with various electronic and spin orders. Loop
current order is an intriguing electronic order that leads to local current
loops in a material, spontaneously breaking time-reversal symmetry. In the
late 1990s, in an effort to understand the pseudogap phase, C. M. Varma
proposed that loop current order could exist within the CuO2 unit cell of
cuprates1,2. However, the experimental identification of loop current order
in cuprates remains challenging and controversial3–5.

Recently, the newly discovered Kagome materials AV3Sb5 (A = K,
Rb, and Cs) have emerged as an alternative platform for exploring loop
current order6–8. In the AV3Sb5 family, various experimental signatures
suggest the presence of unconventional charge density waves (CDWs)
with time-reversal symmetry breaking, as indicated by scanning tunneling
microscopy9, spin resonance (μSR)10, magneto-optical Kerr effect11, and
other techniques6–8. To break time-reversal symmetry, theoretically pro-
posed CDW orders in these Kagomematerials often involve loop current
order, where the order parameter is imaginary12–16, leading to so-called
imaginary charge density waves (iCDW). Despite significant progress in
this field, there is still no definitive experimental evidence for loop current
order in AV3Sb5. Moreover, recent high-resolution polar Kerr measure-
ments have instead suggested the absence of time-reversal symmetry
breaking in the charge-ordered state of CsV3Sb5

17,18. The study of loop
current order in Kagome materials continues to attract growing
interest19–21.

On the other hand, understanding the collective excitations of an
ordered state is crucial for gaining deeper insights into its nature. Loop
current fluctuations are known to give rise to various intriguing physical
phenomena in strongly correlated systems22–24. Recently, the amplitude

modes of charge order in CsV3Sb5 have been experimentally
investigated25,26, and the ultrafast control of charge order in Kagomemetals
has been numerically studied27. Although many previous theoretical works
have modeled iCDW order with loop currents12–16, a simple theoretical
analysis of their collective excitations remains elusive. Key open questions
include whether the collective excitations of iCDW exhibit novel properties
andwhether these excitations can serve as a probe for detecting loop current
order. These questions, alongwith recent experimental progress onKagome
materials, motivate the present study. Additionally, we are inspired by our
previous work on real triple-Q CDWorder parameters, where we analyzed
phase shifts and band geometry effects28. We now are curious about any
interestingproperties from the imaginary triple-QCDWorder related to the
phase degree of freedom.

In thiswork,we theoretically analyze the collective excitations of triple-
Qorder parameters, includingboth realCDW(rCDW)and iCDWorder, in
a Kagome lattice model. We explicitly obtain the phase and amplitude
modes and find a crucial distinction: in iCDW order, phase and amplitude
modesmix, whereas in rCDWorder, they remain decoupled. Furthermore,
we propose that phase mode excitations can serve as a probe for detecting
loop currents in the iCDW phase using nitrogen-vacancy (NV) centers, as
loop current fluctuations generate magnetic noise. The proposed experi-
mental setup is illustrated inFig. 1. In the past,NVcenters have beenused or
proposed for probing various correlated orders, including currents and
chirality fluctuation in high temperature superconductors29, anti-
ferromagnetic order30–32, conventional superconducting efffects33–35, and
quantumspin liquids36,37 (see refs. 38,39 for a review).Ourproposal provides
new motivation for applying NV center detection in the search for loop
current order.
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Results
Kagome lattice model with triple-Q CDW
To set the stage, we briefly recall the Kagome lattice model. The Kagome
lattice is shown in Fig. 2a, with the corresponding point group symmetry
being D6h. Each unit cell consists of three sublattices: A, B, and C. The unit
vectors are given by a1 = (2, 0)a and a2 ¼ ð1; ffiffiffi

3
p Þa, where a is the bond

length. The energy bandswith nearest-neighbor hopping t are shown in Fig.
2b. In the AV3Sb5 family, the chemical potential is near the Van Hove
singularity points (red dashed line), which plays a crucial role in inducing
various symmetry-breaking orders. Fig. 2c depicts the Brillouin zone. The
Van Hove singularity points are located at three distinctM points:M1,M2,
andM3. The Bloch wavefunctions at theM1,M2, andM3 points arise from
the A, B, and C sublattices, respectively.

The coupling between the VanHove singularity points leads to charge
instability. In experiments on AV3Sb5 materials, a 2 × 2 CDW order has
been observed using scanning tunneling microscopy (STM)9,40,41. As
demonstrated previously14,19, a natural way to generate such aCDWorder is

through a triple-Q coupling, with Q1 ¼
ffiffi
3

p
2 ;� 1

2

� �
jMj,

Q2 ¼ �
ffiffi
3

p
2 ;� 1

2

� �
jMj, andQ3 = (0, 1)∣M∣, where jMj ¼ πffiffi

3
p

a
[Fig. 2c]. The

three Q vectors induce coupling between the M points, and the folded
Brillouin zone is highlighted by the gray lines in Fig. 2c. The ansatz for the
CDW order is given by:

ΔCDWðrÞ ¼
0 ΔQ3

ðrÞ Δ�
Q2
ðrÞ

ΔQ3
ðrÞ� 0 ΔQ1

ðrÞ
ΔQ2

ðrÞ Δ�
Q1
ðrÞ 0

0
B@

1
CA; ð1Þ

where ΔQj
ðrÞ ¼ jΔQj

jeiðQj�rþθjÞ, and the basis is (cA, cB, cC), with c being the
electron annihilation operator. Here, we define the phase degree of freedom
of order parameter ΔQj

as θj.
It is important to note that the CDWorder parameters can be complex

due to the phase degree of freedom θj. Because of the commensurability of
this triple-QCDW, the values ofθj are not arbitrary andmust bedetermined
by minimizing the free energy, as discussed in the following section.

Phenomenologically, the mean-field free energy can be expanded as a
series in powers of the order parameterΔQ. In the triple-Q case, the allowed
terms are of the form Δn1

Q1
Δn2
Q2
Δn3
Q3
, where

P
ni
niQj ¼ G. Here, ni are inte-

gers,G represents the reciprocal lattice vectors, andwe defineΔn1
Qi

¼ ðΔQi
Þni

when ni≥ 0, and Δn1
Qi

¼ ðΔ�
Qi
Þjnij when ni < 0. For the CDW with triple-Q

vectors shown in Fig. 2, the free energy up to the fourth order is given

by12,13,42–44

F � P
α

b cos 2θα � λ01
� �jΔQα

j2

þλ2jΔQ1
jjΔQ2

jjΔQ3
j cosðθ1 þ θ2 þ θ3Þ

þλ3jΔQ1
jjΔQ2

jjΔQ3
j cosðθ1Þ cosðθ2Þ cosðθ3Þþ

þu1
P
α
jΔQα

j4
� �

þ u2
P
α≠β

jΔQα
j2jΔQβ

j2:

ð2Þ

According to ref. 13, the phenomenological free energy can also be derived
from the specific electron-electron interactions (see Supplementary
Information for details), where λ3is zero. To reduce number of parameters,
we adopt the convention of ref. 13 with λ3 = 0, and the C3 symmetry that
requires θ1 = θ2 = θ3 = θ0 and jΔQ1

j ¼ jΔQ2
j ¼ jΔQ3

j [Supplementary
Information Note 1]. Since the dominant term is the second-order term,
the free energy is minimized when θ0 ¼ π

2 or � π
2 for b > 0, which

corresponds to the iCDW phase. On the other hand, the free energy is
minimized when θ0 = 0 or π for b < 0, which corresponds to the rCDW
phase. The phase diagram is sketched in Fig. 2d. The sign of b is closely
related to the interactions. Note that if λ2 < 0 (λ2 > 0), the rCDWphase with
θ0 = 0 (θ0 = π) is more favorable than with θ0 = π (θ0 = 0) due to the third-
order term.

We emphasize that the microscopic origin of the interactions driving
theCDWisnot the focus of thiswork. The phenomenological free energy in
Eq. (2) applies to both electron-electron and electron-phonon interactions.
Depending on the type of interaction (electron-electron or electron-pho-
non), the second- to fourth-order terms in the free energy F can be repre-
sented by the Feynman diagrams shown in Fig. 2e.

Collective modes analysis
We are now ready to analyze the collective modes based on the phenom-
enological free energy. By incorporating the fluctuations of the CDW order
parameters, the Lagrangian is given by

L ¼ P
α
κ0j∂τΔQα

j2 þ κ1j∇ΔQα
j2 þ ðb cos 2θα � λ01ÞjΔQα

j2

þ λ2jΔQ1
jjΔQ2

jjΔQ3
j cosðθ1 þ θ2 þ θ3Þþ

u1
P
α
jΔQα

j4 þ u2
P
α≠β

jΔQα
j2jΔQβ

j2:
ð3Þ

The first two terms in L describe the time and spatial fluctuations,
respectively. Toobtain the phase and amplitudemodes,we rewrite the order
parameters as ΔQα ;q

� ΔQα
ð1þAαðqÞÞeiðθ0þθαðqÞÞ. Using the C3 symmetry,

the amplitude modes can be projected into the A and E1,2 irreducible
representations:

AðAÞ
q ¼ 1ffiffiffi

3
p ðA1ðqÞ þA2ðqÞ þA3ðqÞÞ; ð4Þ

AðE1Þ
q ¼ 1ffiffiffi

2
p ðA1ðqÞ �A3ðqÞÞ; ð5Þ

AðE2Þ
q ¼ 1ffiffiffi

6
p ðA1ðqÞ � 2A2ðqÞ þA3ðqÞÞ; ð6Þ

where q = (q, ω) and ω is the frequency. The phase modes can be projected
into the following channels:

θðAÞq ¼ 1ffiffiffi
3

p ðθ1ðqÞ þ θ2ðqÞ þ θ3ðqÞÞ; ð7Þ

θðE1Þq ¼ 1ffiffiffi
2

p ðθ1ðqÞ � θ3ðqÞÞ; ð8Þ

Fig. 1 | Schematic of the proposed setup to detect the loop current order usingNV
centers. In this setup, time-dependent magnetic fields arise from loop current
fluctuations induced by a laser pulse. The corresponding magnetic noise can be
detected by the NV center.
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Fig. 2 | Kagome lattice model. a The Kagome lattice with triple-Q CDW order.
Here, A, B, and C label the three sublattices, and the phases are indicated by the
arrows in the iCDWphase. The red circles are the loop currents in the small triangle
plaquettes. b The single-particle electronic band structure of the Kagome lattice toy
model. c The schematic plot of the original Brillouin zone (black solid line) and the

folded Brillouin zone (gray line). TheM points, with wavefunctions localized on the
A, B, and C sublattices, are highlighted. dA schematic phase diagram controlled by b
in Eq. (2). When b < 0 (b > 0), the rCDW (iCDW) phase tends to be favored. e The
Feynman diagram representation for the free energy terms (top panel for electron-
electron interaction, bottom panel for electron-phonon interaction).
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θðE2Þq ¼ 1ffiffiffi
6

p ðθ1ðqÞ � 2θ2ðqÞ þ θ3ðqÞÞ: ð9Þ

As shown in Supplementary InformationNote 2, the fluctuation part of the
Lagrangian can be simplified as

Lflucðω; qÞ ¼ ðκ1q2 � κ0ω
2 þ 4ðu1 þ 2u2ÞjΔQj2ÞAðAÞ

q AðAÞ
�q

þ ðκ1q2 � κ0ω
2 þ 2jbj � 3

2 λ2jΔQj cosð3θ0ÞÞθðAÞq θðAÞ�q

þ 3
2 λ2jΔQj sinð3θ0ÞðAðAÞ

q θðAÞ�q þAðAÞ
�qθ

ðAÞ
q Þ

þ ðκ1q2 � κ0ω
2 þ 2jbjÞðθðE1Þ

q θðE1Þ�q þ θðE2Þq θðE2Þ�q Þ
þ κ1q

2 � κ0ω
2 � 3

2 λ2 cosð3θ0ÞjΔQj
�

þ4ðu1 � u2ÞjΔQj2ÞðAðE1Þ
q AðE1Þ�q þAðE2Þ

q AðE2Þ�q Þ:

ð10Þ

Here, the A- and E-modes are separated due to the C3 symmetry. As
expected, both the phase and amplitude modes are gapped in this com-
mensurate triple-Q CDW. More intuitively, the free energy landscape
exhibits localminima in the complexΔ plane, and fluctuations around these
local minima give rise to the massive modes (see Fig. 3a for an illustration).
Interestingly, we observe a mixing term between the phase mode and

amplitudemode,/ sinð3θ0ÞðAðAÞ
q θðAÞ�q þAðAÞ

�qθ
ðAÞ
q Þ. This term is finite in the

iCDW phase with θ0 ¼ π
2 ;� π

2, and vanishes for rCDW with θ0 = 0, π. For
rCDW, a direct mixing term between phase and amplitude modes that
breaks time-reversal symmetry is not allowed. An example of such a

forbidden term is ðβ1 þ β2 cosð3θ0ÞÞðAðAÞ
q θðAÞ�q þAðAÞ

�qθ
ðAÞ
q Þ.Note that under

the time-reversal operation, θq ↦− θ−q,Aq 7!A�q, and θ0 ↦− θ0. It can
also be seen that all terms in Lflucðω; qÞ are time-reversal even.

The mixed Higgs and phase modes in the iCDW (at q = 0, i.e., M
points) respect

�κ0ðωðAÞÞ2 þ 4ðu1 þ 2u2ÞjΔQj2
3
2
λ2 sinð3θ0ÞjΔQj

3
2
sinð3θ0Þλ2jΔQj �κ0ðωðAÞÞ2 þ 2jbj

							

							
¼ 0: ð11Þ

This gives

κ0ðωðAÞ
± Þ2 ¼ jbj þ 2ðu1 þ 2u2ÞjΔQj2

±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðjbj � 2ðu1 þ 2u2ÞjΔQj2Þ2 þ 9

4 λ
2
2jΔQj2

q
:

ð12Þ

Here, ωðAÞ
± denotes the energy of the mixed phase-amplitude mode. We

summarize the expected collective mode spectrum for rCDW and
iCDW in Fig. 3b. Note that the ordering of these modes along the
frequency axis, depending on parameters, may differ from that shown
in Fig. 3b.

Loop current detection with NV Centers
The phase fluctuation in the iCDWphase is particularly interesting because
it implies that the magnetic flux associated with the loop current order is
dynamic, generating a time-varying magnetic stray field. The iCDW order
effectively mediates imaginary inter-sublattice hopping, which gives rise to
current within each bond12. The phase of iCDW order or bound current
direction is illustrated with black arrows in Fig. 2a14,19. The loop currents
appear when the arrows are connected in a clockwise or counterclockwise
direction within each plaquette. According to the Peierls substitution
principle, the flux within these small triangular plaquettes is given by the
sum of the phases: / P

αθα ¼
ffiffiffi
3

p
θðAÞ. Note that such flux is absent for

rCDW, as the order paramter is real and does not break time-reversal
symmetry. When the A1 phase mode is excited, we expect that the average
flux of the system with iCDW order will oscillate in time as

~ΦðtÞ ¼ ~Φ0 þ δ ~Φ sinðωðAÞ
ph tÞ: ð13Þ

Here, ~Φ0 is the staticflux, andδ ~Φ represents the amplitudeof thefluctuating
part. This dynamic flux is expected to generate magnetic noise, which can
potentially be detected by an NV center detector39.

The coupling between the stray field B(t) and the NV center is

described by the Hamiltonian HNV ¼ DzfsŜ
2
â � γeB0Ŝâ � γeBðtÞ � S)39.

Here, â is along the quantization axis of theNVcenter,Dzfs = 2π × 2.87 GHz
is the zero-field splitting,γe =−2π × 28.02 GHz ⋅ T−1 is the electron g-factor,
and B0 is a static magnetic field. The NV center exhibits two operational
modes: T1 spectroscopy and T2 spectroscopy. Specifically, the T1 relaxation
time describes how quickly the spin population of the NV center in the
ms = ±1 states decays to the lower-energyms = 0 state, whileT2 describes the
coherent dephasing time of the NV spin. The T2 spectroscopy is primarily
sensitive to low-frequency noise (Hz–MHz), while T1 spectroscopy is sen-
sitive to fluctuating magnetic fields at the NV’s Larmor frequency (up to
GHz or sub-THz regions). For example, recently proposed magnon noise
(in the range of 10–100GHz)31 was observed experimentally using NV
relaxometry32. Moreover, recent advances in high-field NV spectroscopy
have enabled the detection of magnetic noise in the sub-THz region45,46. In
our scenario, if the iCDW is commensurate, the phase mode gap is deter-
minedby the strengthof the lattice pinningof theCDW, typically in the sub-
THz region. In fact, it has been demonstrated that the CDW can be tuned
into an incommensurate state by doping Kagome materials such as
CsV3Sb5−xSnx

47, where the phase mode becomes soft.

The experimental setup we propose is shown in Fig. 1. In the iCDW
phase, loop current fluctuations can be induced by an external laser pulse,
exciting the phason modes. The overall geometry is similar to that used to
probe magnon noise arising from non-collinear antiferromagnetic textures
recently32. Let us perform a qualitative estimation of the T1 relaxation time

Fig. 3 | The CDW collective excitations. a The free
energy landscape fromEq. (2)with parameters b = 1,
λ01 ¼ 5, λ2 = 0.1, λ3 = 0, u1 = 0.5, and u2 = 0.5. The
red arrow represents the fluctuation of the complex
order parameter. b A schematic plot of the spectral
arrangement of phase (red) and amplitude (blue)
modes for rCDWand iCDWorders. Here, the phase
and amplitudemodes in theA channel mix (purple),
while they remain uncoupled for E modes.
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induced by phason modes. According to Fermi’s golden rule39:

T�1
1 ¼ 3

2
γ2e SBðω0Þ; ð14Þ

SBðωÞ ¼
Z

dte�iωt BþðtÞB�ð0Þ

 �

: ð15Þ

where ω0 is the frequency detected by the NV center, B± ¼ Bb̂ ± iBĉ, and
b̂; ĉ are the coordinate axes perpendicular to â. Since the dynamics of the
strip field B(t) arise from the phase mode, we expect B(t) to exhibit the
frequency of ωðAÞ

ph . Therefore,

T�1
1 � γ2e jBj2

ω0 � ωðAÞ
ph

: ð16Þ

Note that, according to the Biot-Savart law, ∣B∣ depends on the distance of
the NV tip from the sample. We take the local field B to be on the order of
0.01 ~ 0.1mT, based on the orbitalmagnetization given in ref.48,19 (though it
may differ in practice). Choosing ω0−ωph ~ 10GHz, we estimate
T1 ~ 10–1000 μs, which falls within the sensitivity range of the NV
center32,39.

Discussion
In summary, we have provided a phenomenological analysis of the phase
and amplitude modes of unconventional CDWs in Kagome lattice mate-
rials. Importantly, we have highlighted that the loop current order
embedded in these unconventional CDWs can be probed with NV centers
by exciting phase modes. We anticipate that the relevant experimental
progress will significantly contribute to the search for loop current orders in
realmaterials. Furthermore, it is also interesting to extend our experimental
proposal to cuprates and explore the connection between loop current
fluctuations and NV center detections in high-temperature
superconductors29.

Data availability
No datasets were generated or analyzed during the current study.
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