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Here we resolve the real-space nature of the high-temperature, short-range charge correlations in the
kagome metal ScV6Sn6. Diffuse scattering appears along a frustrated wave vector qH = ( 1

3
, 1
3
, 1
2
) at

temperatures far exceeding the charge order transition TCO = 92 K, preempting long-range charge
order with wave vectors along qK̄ = ( 1

3
, 1
3
, 1
3
). Using a combination of real space and reciprocal

space analysis, we resolve the nature of the interactions between the primary out-of-plane Sc-Sn chain
instability and the secondary strain-mediated distortion of the in-plane V kagome network. A mini-
mal model of the diffuse scattering data reveals a high-temperature, short-ranged “zig-zag” phase of
in-plane correlations that maps to a frustrated triangular lattice Ising model with antiferromagnetic
interactions and provides a real-space understanding of the origin of frustrated charge order in this
material.

One of the motivators in the search for new kagome-
based compounds is to develop materials whose Fermi
surfaces have electron fillings close to either hopping
interference-driven flat bands or saddle points endemic
to the kagome band structure. For the latter features,
nesting between the Van Hove singularities created by
the saddle points is predicted to stabilize a number of
unconventional states [1, 2], ranging from bond order to
orbital magnetism to superconductivity [3–5]. While one
class of compounds of the form AV3Sb5 (A = K, Rb, Cs)
shows evidence for these instabilities [6], finding other
classes of kagome-based metals with a similar fillings and
band structures is highly desirable.

The RV6Sn6 (R = rare earth) family of V-based
kagome metals are one such class with the potential of
hosting correlated behavior due to the presence of Van
Hove singularities near the Fermi level [7, 8]. How-
ever, unlike the related AV3Sb5 family of V-based kagome
metals, none of the RV6Sn6 members show evidence of
superconductivity [7, 9–11], and only one member has
shown evidence of a charge order instability [12]. This
unique member is ScV6Sn6, and the origins of charge
order in this compound are an area of active study—
namely, investigating whether the charge order stems
from a similar mechanism as that in AV3Sb5 compounds
or whether its mechanism is distinct.

The long-range distortion in the charge-ordered state
of ScV6Sn6 below TCO = 92 K forms along a single
qK̄ = ( 13 ,

1
3 ,

1
3) [12], a wave vector distinct from the

three-q order in AV3Sb5 compounds [6]. Rather than the
dominant in-plane motion of V atoms in the kagome net
of AV3Sb5 compound, the largest atomic displacements
in ScV6Sn6 derive from motion of the Sc and Sn atoms
that displace orthogonal to the kagome planes; however,
as these atoms displace, they also induce a smaller ampli-
tude motion of V atoms within the kagome planes. The
coupling of these two instabilities can lead to a frustra-

tion of long-range charge order, which is suggested by
the observation of short-range charge correlations that
persist far above TCO [13, 14].

An oddity in the short-range charge fluctuations in
ScV6Sn6 is that they appear along a wave vector qH =
( 13 ,

1
3 ,

1
2) that differs from qK̄ of the long-range order

state. At finite frequencies, phonons also curiously soften
along this same qH [14, 15] prior to the first order on-
set of TCO. Density functional theory (DFT) calculations
predict several, nearly degenerate, types of lattice recon-
structions in ScV6Sn6 [16, 17], and, due to this near de-
generacy between lattice states, proposals of an order-
disorder type phase transition have been put forward
[17, 18]. Phonon calculations further show an imagi-
nary mode that is nearly flat at qH [19], and strong an-
harmonic phonon-phonon interactions are proposed as a
mechanism of stabilizing higher temperature charge or-
der fluctuations along qH [20].

One possible microscopic, real-space picture of the
short-range charge correlations at qH is the correlated
motion of Sn-Sc-Sn “trimers” along the c axis (Fig. 1)
[13]. The smaller Sc ion on the R site of this com-
pound promotes this trimerization via the motion of the
Sn atoms [21], and a Peierls-like instability forms along
the Sn-Sc-Sn-Sn chain where each trimer has the degree
of freedom to either push Sn atoms into or away from the
kagome plane, providing an Ising-like degree of freedom.
Assuming an overall energy penalty for two neighboring
trimers displacing with the same phase into (or away)
from a single kagome plane within a bilayer, frustrated
correlations are expected along the qH = ( 13 ,

1
3 ,

1
2). Ex-

perimentally resolving whether these high-temperature,
short-range correlations indeed arise from the frustrated
Ising-like motion of these trimers however remains an
open challenge.

In this paper, we perform an in-depth analysis of the
diffuse x-ray scattering at the wave vectors qH where
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FIG. 1. (a) The room-temperature structure of ScV6Sn6, showing Sc-Sn bonds and V-V bonds. (b) Depiction of the three trimer
displacement modes, their amplitudes as observed in the low-temperature

√
3×

√
3×3 charge-ordered structure, and the expected

corresponding displacements of the local vanadium sites. (c) A schematic of the first three nearest-neighbor pathways for trimer-
trimer interactions.

short-range charge order appears in ScV6Sn6. Analy-
sis reveals that the diffuse scattering originates from
the correlated motion of Sn-Sc-Sn trimer blocks, simi-
lar to those that form below TCO in the long-range or-
dered state. We further demonstrate that the in-plane
diffuse scattering present above TCO can be captured
via a minimal model of two-dimensional Ising-like dis-
placements of Sn atoms that are frustrated via repul-
sive strain fields across the V-based kagome lattice. Our
combined three-dimensional difference pair distribution
function (3D-∆PDF) and Monte Carlo analysis demon-
strates that the high temperature pseudogap features re-
ported in ScV6Sn6 derive from conduction electrons cou-
pling to a frustrated charge instability that maps to a
network of Ising spins on a two-dimensional triangular
lattice antiferromagnet.

To explore the nature of the high-temperature charge
correlations in ScV6Sn6, crystals were grown using pre-
viously reported flux growth techniques [13, 21]. Syn-
chrotron x-ray diffraction experiments were performed
at the QM2 beamline at the Cornell High Energy Syn-
chrotron and data analyzed via the NEXPY/NXREFINE

and NXS-ANALYSIS-TOOLS software suites [22, 23] and
Monte Carlo analysis of the diffuse scattering was per-
formed using the DISCUS software suite [24]. Estimated
interaction strengths were obtained from fits to the data
performed using the software package SPINTERACT [25].
Further details are provided in the Supplemental Mate-
rial accompanying this paper [26].

As a brief overview of the crystal structure of ScV6Sn6,
Fig. 1(a) shows the undistorted, room-temperature
structure. The bonds between Sn-Sc-Sn along the c axis
are highlighted to illustrate the trimer units that collec-
tively contract and displace below TCO. Below TCO, in
the

√
3 ×

√
3 × 3 (R32) structure, the Sn-Sc-Sn trimers

form with displacements that can be differentiated by di-
rection (up, neutral, or down) [Fig. 1(b)], with neigh-

boring trimers having dissimilar displacements [16]. The
resulting in-plane order found in the

√
3×

√
3× 3 struc-

ture can be mapped to that of a three-state Potts model
with nearest-neighbor antiferromagnetic interactions on
a triangular lattice [13].

FIG. 2. (a) X-ray data collected in the (H, 4
3
, L) scattering

plane. (b) Experimentally generated and simulated 3D-∆PDF
in the xz plane. (c) X-ray data collected in the (H,K, 9

2
) scat-

tering plane. (d) Experimental 2D-∆PDF in the xy plane. The
experimental data were collected at T = 125 K.
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FIG. 3. (a) Real-space xy plane obtained from reverse and forward Monte Carlo modeling (only Sn1 sites shown). The two
displacement types (up/down) are highlighted in red and blue. (b) Comparison of the diffuse scattering in the (H,K, 9

2
) plane

from experimental data, reverse Monte Carlo modeling (RMC), and forward Monte Carlo modeling (FMC). (c) Comparison of the
in-plane 2D-∆PDF extracted from experimental data, reverse Monte Carlo modeling, and forward Monte Carlo modeling.

The neutral trimer is, however, absent in both the√
3 ×

√
3 × 2 (P6/mmm) and the 2 × 2 × 2 (Immm)

structures predicted to be the most stable by DFT [16].
In these cases, the interactions map to a (frustrated) an-
tiferromagnetic triangular lattice Ising model. When in-
teractions are limited to nearest neighbors, the ground
state has an extensive degeneracy, and the system is ex-
pected to exhibit no long-range order down to the low-
est temperatures. Upon including weaker antiferromag-
netic second- and third-nearest neighbor terms, however,
a wider array of ground-state textures can be realized
[27]. Notably, the predicted 2 × 2 × 2 (Immm) struc-
ture reflects the “stripe” ground state for J3 = 0. For
finite J3 and J3/J2 > 0.5, the expected ground state is
a “zig-zag” texture. This is of particular relevance as the
zig-zag structure factor is centered at the qH = ( 13 ,

1
3 )

in-plane wave vector. This is the same position as the
short-range charge correlations observed in ScV6Sn6 and
suggests J1-J2-J3 as the minimal triangular lattice Ising
model necessary to capture its high-temperature charge
correlations [Figure 1(c)].

To visualize these correlations, an inverse Fourier
transform of the isolated diffuse scattering was per-
formed to generate a ∆PDF map [28]. This reveals local
deviations from the average structure in real space. For-
tunately, the observed diffuse scattering is most intense
within planes with half-integer L that do not contain any
Bragg reflections, and thus the removal of the Bragg scat-
tering (removal of the average structure contributions) is
relatively straightforward for this system. The resulting
∆PDF maps from both out-of-plane and in-plane scatter-
ing yield clear insights regarding the underlying charge
correlations generating this pattern of scattering.

First, we examine the out-of-plane correlations above
TCO to test whether they are consistent with the dis-
placive trimer formation present in the low-temperature,
charge-ordered structure. Inspection of the scattering
along L in the (H, 4

3 , L) plane [Figure 2(a)] reveals that
the diffuse scattering is absent near L = 0 and increases

in intensity with L, consistent with c-axis displacements
in real space. Figure 2(b) shows the 3D-∆PDF extracted
from the full scattering volume after being symmetrized
[26]. An inspection of the features along the z||c di-
rection reveals displacement correlations consistent with
out-of-phase motion of neighboring trimers along the c
axis. Near the z = 1

3c and z = 2
3c positions, we find

dipole-like features typically associated with size-effect
correlations. These features are expected to arise from
the contraction of the Sc-Sn bond within each trimer,
as well as from the fact that the expansion of the Sn1-
Sn1 distance associated with neighboring trimers moving
away from each other is not equivalent in magnitude to
the contraction of the Sn1-Sn1 distance associated with
trimers moving towards each other.

To verify the interpretation of these correlations, for-
ward Monte Carlo (FMC) modeling was used to calculate
the expected scattering and corresponding ∆PDF pat-
terns for trimer formation at high temperature. Only
up and down shifted trimers with correlations along
the c axis were assumed present, displacement ampli-
tudes were assumed equal to those observed in the low-
temperature charge-ordered state [Fig. 1(b)], and an-
tiferromagnetic (repulsive) interactions between neigh-
boring trimers were enforced along c. The simulated
∆PDF shows excellent agreement with the experimen-
tal results, replicating features at both integer and 1/3-
type positions [Figure 2(b)]. Simulations were also per-
formed assuming a rigid Sc-Sn distance, and the fea-
ture at 1/3-type positions became a displacement cor-
relation similar to those observed at integer positions,
rather than the dipole-like feature observed in the ex-
perimental ∆PDF. While this confirms a Sn-Sc-Sn trimer
displacement pattern at high temperature, we note here
that this qualitative comparison is only weakly sensitive
to the overall displacement amplitudes assumed in the
FMC model.

The out-of-plane correlation length can be directly ex-
tracted from the decay of the intensity of the ∆PDF with
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FIG. 4. Interaction mean-field model fits to diffuse scattering in the (H,K, 9
2
) plane at various temperatures for T > TCO, obtained

using SPINTERACT.

increasing z (Fig. S1 [26]). Fits were performed to the
decay function: |∆PDF| = Aezc/ξc where A is a refined
scaling factor, z is the distance along c in lattice units,
c is the lattice parameter in Å, and ξc is the correlation
length along c in Å. A correlation length ξc = 13.4(3) Å
at T = 125 K is obtained [26], in good agreement with
the correlation length extracted from the full width at
half maximum (FWHM) along L of a Lorentzian fit to
the diffuse scattering [13].

Given that the out-of-plane correlation length along
the c axis is less than two unit cells, the in-plane
charge correlations above TCO were analyzed via a two-
dimensional (2D)-∆PDF transformation of a representa-
tive L = 7/2 scattering plane without symmetrization
[26]. This plane was chosen because of its lower back-
ground intensity and minimal detector artifacts. The ex-
tracted 2D-∆PDF is shown in Fig. 2(d). The expected
antiphase/antiferromagnetic correlations appear at the
nearest neighbor positions, but this pattern breaks down
beyond two to three unit cells consistent with frustrated
interactions. To shed light on the structure of the corre-
sponding real-space correlations, a reverse Monte Carlo
(RMC) simulation was performed to refine a supercell
initially populated with a random distribution of up and
down trimers. The resulting structure after convergence
is shown in Fig. 3(a), and resembles a mixture of both
zig-zag and stripe patterns at the local scale.

The calculated scattering for this structure is shown in
the right-hand panel of Fig. 3(b), and agrees well with
the anisotropic, triangular pattern of scattering from the
experimental data. To verify that the observed diffuse
scattering is linked to the proposed Ising-like frustration
and not simply to a shorter-range version of the low-
temperature charge order, reverse Monte Carlo modeling
was also performed using all three displacement types
(up, down, and neutral) where the frustration is lifted by
the addition of a third state (Fig. S2 [26]). The results
fail to converge as closely to the experimentally observed
structure factor or to replicate the triangular shape of the

diffuse scattering.

Motivated by the observation of the stripe and zig-zag
motifs in the Ising-like model, a forward Monte Carlo
model was built with antiferromagnetic J1, J2, and J3
[as defined in Fig. 1(c)] to search for the corresponding
relative energy scales of these interactions. After explor-
ing the parameter space, values near J1/kBT = −1.25,
J2/kBT = −0.3, and J3/kBT = −0.275 replicated both
the refined real space structure from the RMC simula-
tions [Fig. 3(a)] and the experimental structure factor
[Fig. 3(b)]. The weaker diffuse hexagon connecting the
diffuse triangles also appears in the experimental data,
and it is clearly evident in other diffuse scattering mea-
surements as well [14].

To further refine our model, we fit the experimental
data to a mean-field model to obtain an absolute en-
ergy scale for the interaction parameters and account
for the temperature evolution of the diffuse scattering
above TCO. Refinements included only Sn1 sites, and ac-
counted for the intra-trimer Sn1-Sn1 interaction Jc2, the
inter-trimer Sn1-Sn1 interaction Jc1 along c, and the in-
plane interactions J1, J2, and J3 which were constrained
to negative (antiferromagnetic) values. Co-refinements
were performed to x-ray data collected at 125 K, 150 K,
200 K, and 300 K. Good overall agreement with the
data is obtained, despite the simplicity of the model,
as shown in Fig. 4 and in Fig. S4 [26]). The re-
fined interaction parameters reveal dominant ferro intra-
trimer coupling Jc2 = 123K, strongly supporting the hy-
pothesis of parallel Sn1–Sn1 displacements. The inter-
trimer coupling Jc2 = −52K is antiferro, consistent with
the 3D-∆PDF model shown in Fig. 2(b). The antiferro-
magnetic in-plane couplings are weaker in magnitude;
J1 = −9.3K, J2 = 0.0K and J3 = −2.3K, yielding a
J3/J1 ratio similar to that obtained from forward Monte
Carlo simulations. A forward Monte Carlo model based
on these interaction parameters also shows good agree-
ment with the expected in-plane structure factor (Fig. S5
[26]). The fluctuating, equilibrated model matching the
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expected thermal evolution contrasts with a number of
other inorganic materials with structural degrees of free-
dom mapped to frustrated spin analogs whose dynamics
are frozen [29, 30].

The lattice degree of freedom plays the driving role in
the formation of charge order [31, 32], yet the 2D Ising-
like structural correlations resolved above TCO seem-
ingly couple to the conduction electrons in a number of
ways. While the Fermi surface is reconstructed primarily
in Sn-based bands [33, 34], the short-range, frustrated
charge order persisting above room temperature along
the same in-plane q = ( 13 ,

1
3 ) likely mutes changes in the

V-based electronic structure apparent in angle-resolved
photoemission measurements through TCO [35, 36].
The 2D Ising-like charge correlations further correlate
to the pseudogap behavior observed in charge transport
measurements at temperatures far exceeding TCO [37],
and their higher energy scale is potentially the cause
of the anomalous contrast inversion associated with the
charge ordered state observed far away from the EF in
scanning tunneling microscopy measurements [38].

The frustration that arises from a triangular network of
lattice displacements mapped to an Ising-like (up/down)
degree of freedom in ScV6Sn6 is expected to occur more
broadly in a number of other kagome compounds. Atoms
residing either within or nearby the hexagonal voids of
kagome nets can generically form chain-like instabili-
ties in the interplane direction whose in-plane correla-
tions are frustrated. The dimerization of Ge atoms re-
ported in FeGe is one example [39], and, while this pa-
per was in review, reports showed effects in FeGe similar
to those in ScV6Sn6 [40, 41]. For the case of ScV6Sn6,
a minimal J1-J2-J3 2D Ising model on a triangular lat-
tice captures the short-range order and provides an ele-
gant, real-space picture for the fluctuations driving the
reported pseudogap behavior. The surprising agreement
with a temperature-dependent mean-field model estab-
lishes ScV6Sn6 as a rare platform for studying lattice cor-
relations that map to the 2D Ising model without freez-
ing over a broad range of temperatures above the charge
order transition.
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