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Incommensurate magnetic order in the Z2 kagome metal GdV6Sn6
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We characterize the magnetic ground state of the topological kagome metal GdV6Sn6 via resonant x-ray
diffraction. Previous magnetoentropic studies of GdV6Sn6 suggested the presence of a modulated magnetic
order distinct from the ferromagnetism that is easily polarized by the application of a magnetic field. Diffraction
data near the Gd-L2 edge directly resolve a c-axis modulated spin structure order on the Gd sublattice with an
incommensurate wave vector that evolves upon cooling toward a partial lock-in transition. While equal moment
(spiral) and amplitude (sine) modulated spin states cannot be unambiguously discerned from the scattering data,
the overall phenomenology suggests an amplitude modulated state with moments predominantly oriented in the
ab plane. Comparisons to the “double-flat” spiral state observed in Mn-based RMn6Sn6 kagome compounds of
the same structure type are discussed.
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I. INTRODUCTION

Itinerant kagome lattices have drawn considerable recent
attention due to the possibility of realizing correlated topo-
logical states and unconventional forms of electronic order.
Recent examples of materials range from AV3Sb5 compounds
hosting unconventional charge density wave order and super-
conductivity [1–5] to compounds such as Fe3Sn2 [6,7] and
Mn3Sn [8,9] that manifest large anomalous/topological Hall
effects to systems such as FeGe where charge order becomes
intertwined with magnetic order [10].

One versatile class of kagome compounds are materials
of the form RV6Sn6, where R is a rare earth ion that forms
a triangular lattice network in close proximity to a nonmag-
netic kagome network of V-site ions [11]. Choice of the R
site allows for control of the character of the magnetic order
proximitized with the nonmagnetic kagome network, which
dominates the bands at the Fermi level. These compounds
are also interesting comparators to their Mn-based RMn6Sn6

cousins, where magnetic order directly forms within the
kagome network [12–14].

Of particular interest is the impact of magnetic order on
the Dirac points and saddle points native to the kagome net-
work and very close to the Fermi level in RV6Sn6 compounds
[15,16]. Strong spin-orbit coupling derived primarily from the
heavy Sn sites intrinsically gaps Dirac points and can create
a tunable Chern gap with a large anomalous Hall effect [17]
and, while ferromagnetism can modify the magnitude of this
gap, other spin states proximitized with the topological bands
are also of interest.
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A number of recent studies have reported differing mag-
netic anisotropies manifest in RV6Sn6 via the choice of R site
[15,18–22]. Strongly uniaxial ferromagnetism was reported in
TbV6Sn6 [19,20] and easy-plane anisotropy was reported in
compounds such as (Sm,Er)V6Sn6 [21,22]. Of particular note,
nearly isotropic magnetic order was observed in spin-only
S = 7/2 GdV6Sn6 below 5 K [15,23]. Near the transition,
however, an unusual anomaly was observed in magnetoen-
tropy maps, hinting that the zero field state was not trivially
ferromagnetic. This raises the interesting possibility of realiz-
ing an incommensurate, modulated spin state interfaced with
the conducting V-based kagome network, perhaps mimicking
the modulation observed in magnetic kagome lattices of the
same structure type (e.g., YMn6Sn6) and key to stabilizing
the topological Hall effect in those materials [12,24,25]. To
address this possibility, momentum-resolved studies of the
magnetic order in GdV6Sn6 are needed.

In this paper, we present low-temperature resonant elas-
tic x-ray scattering (REXS) measurements characterizing the
magnetic ground state of GdV6Sn6. Our data reveal that
the zero-field magnetic ground state is an interlayer mod-
ulated, incommensurate state and with the moments likely
predominantly oriented within the kagome planes. The in-
commensurate ordering wave vector evolves upon cooling
below the first TAF1 = 5.2(1) K ordering transition and devel-
ops an additional, coexisting commensurate component below
TAF2 = 3.8(2) K, suggestive of a lower temperature lock-in
transition. Our results demonstrate that an incommensurate
magnetic state can be stabilized in RV6Sn6 via choice of
a nearly isotropic R-site ion, and the appearance of a low-
temperature commensurate harmonic suggests that the nature
of the order is amplitude modulated and driven by extended
RKKY interactions.
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FIG. 1. Incommensurate magnetism in GdV6Sn6. Gd forms
hexagonal planes with one site per unit cell. Two possible Gd or-
ders are shown: Spiral and amplitude modulated. The propagation
direction is along c but the moment orientation is uncertain.

II. EXPERIMENTAL DETAILS

For our studies, single crystal samples of GdV6Sn6were
synthesized via a previously reported flux method [15]. The
unit cell is P6/mmm with lattice parameters a = b = 5.532 Å
and c = 9.162 Å, and Gd is in Wyckoff site 1b at (0, 0, 0.5);
see Fig. 1. REXS measurements were performed on beamline
6-ID-B at the Advanced Photon Source at Argonne National
Laboratory. The diffractometer endstation (Huber Psi-circle)
was equipped with a Joule-Thomson stage displex cryostat ca-
pable of reaching a base temperature of 1.9 K. Measurements
were performed near the Gd-L2 resonance at Ei = 7.933 keV
using an area detector (Dectris Pilatus 100K) directly after
the sample. Polarization analysis of the scattered beam was
performed for select scans using a pyrolytic graphite (0,0,6)
flat single crystal analyzer placed between the sample and
a scintillation point detector. Magnetization was measured
using a Quantum Design Magnetic Property Measurement
System (MPMS3) with a single crystal attached to a quartz
paddle with GE varnish.

III. RESULTS

Figure 2 shows thermodynamic measurements charac-
terizing the onset of magnetic order in GdV6Sn6. Prior
magnetoentropic studies identified the ground state as pos-
sibly noncollinear or modulated due to the presence of a
low-field entropy barrier in the ordered state [15], since inflec-
tions in the temperature-dependent susceptibility evolve with
increasing field [23]. Illustrating these low-field inflections,
dc susceptibility χ (T) data are plotted in Fig. 2(a) with 10 mT
applied within the basal ab plane. Two features appear: The
first is a cusp in the susceptibility at TAF1 = 5.2 K, followed
by a second, more subtle cusp near TAF2 = 3.8 K.

Heat capacity data also capture these two temperature
scales as plotted in Fig. 2(b). Previously published CP(T )
data for GdV6Sn6 [15] were analyzed to extract the magnetic
entropy via removal of the phonon and charge contributions
via a scaled subtraction of the nonmagnetic reference YV6Sn6

[26]. The resulting magnetic CP,mag(T )/T data are plotted
along with the integrated entropy Smag(T ). Both TAF1 and TAF2

FIG. 2. Thermodynamics of GdV6Sn6. Panel (a) shows the dc
magnetic susceptibility χ measured on (zero) field cooling, denoted
(Z)FC. Panel (b) shows the magnetic contribution to the heat capacity
CP,mag/T (red dots) and entropy Smag (black line). Vertical dashed
lines mark two phase transitions.

can be identified in CP,mag(T )/T via the peak and inflection
point marked as dashed lines in Fig. 2(b). We note here that
the Schottky anomaly expected due to the mean-field splitting
of the J = 7/2 ground state multiplet is expected to occur at
TAF1/4 ≈ 1.3 K and is likely hidden in the shoulder of the
broad magnetic entropy peak. There is substantial entropy
that extends to temperatures far above the initial ordering
temperature and the entropy integration up to 30 K nearly
reaches the expected R ln(8); however, uncertainties in the
lattice subtraction and an imperfect lattice standard begin to
dominate at these temperatures. Notably, there is substantial
entropy that continues to be released at temperatures far below
TAF1 and, as we will show next, scattering data reflect this via
a continued staging of wave vectors as the low temperature
limit is approached.

To explore the origins of these two features in χ (T ) and
CP,mag(T )/T data, resonant x-ray scattering data were col-
lected near the Gd-L2 absorption edge. Magnetic superlattice
reflections appear with a q = (0, 0, l ) wave vector below
the ordering temperatures TAF1 and TAF2 in a manner which
mirrors the staged transition observed in χ (T). To further
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FIG. 3. Overview of the resonant x-ray diffraction. Both panels
show scans along (0, 0, L) at the Gd-L2 resonance. Panel (a) shows
scans at several temperatures without an analyzer crystal. Panel
(b) shows scans using an analyzer crystal in the σ − π ′ and σ − σ ′

polarization channels.

illustrate this staging, L scans were performed about the Q =
(0, 0, 3.5) position in three temperature regimes: T > TAF1,
TAF2 > T > TAF1, and TAF1 > T . The resulting data are plot-
ted in Fig. 3(a).

In Fig. 3(a), upon cooling below TAF1, an incommensu-
rate set of reflections appear near Q = (0, 0, 3.47) and Q =
(0, 0, 3.53) with qIC ≈ (0, 0, 0.47) below 5.2(1) K. Upon
further cooling below TAF2, an additional, weaker reflection
appears at the commensurate Q = (0, 0, 3.50) position with
qC = (0, 0, 0.50) below 3.8(2) K and coexists with the in-
commensurate satellites. Both sets of peaks are long-range
ordered, with widths of 0.007 r.l.u. along L and 0.003 r.l.u.
along K that mirror those of nearby structural Bragg peaks.
This indicates minimum correlation lengths of 0.2 microns
that are constrained by the crystallinity of the sample.

To further probe the origin of the incommensurate satellite
peaks, polarization analysis was performed to separate the
magnetic σ − π ′ scattering channel from the nonmagnetic
σ − σ ′ channel. The results are plotted in Fig. 3(b), where
the low temperature incommensurate peaks appear only in the
σ − π ′ channel, confirming their magnetic origin. The weaker
commensurate peak is not clearly distinguishable in either po-
larization channel below TAF2. However, the analyzer greatly

FIG. 4. Temperature dependence of the resonant x-ray diffrac-
tion. Panel (a) is a false color map of the scattering near (0, 0, 3.5).
Three features are visible: Two incommensurate reflections and one
half-integer commensurate reflection. Panels (b) and (c) are Gaussian
fit results to these data; qIC results are the weighted mean of both
peaks. Panel (b) shows the area (integrated intensity) of qIC (orange
dots) and qC (purple diamonds). Lines in (b) are guides to the eye
of the form

√
1 − T/TAF . Panel (c) shows the wave vector |qIC | as a

function of temperature.

diminishes signal to noise for these measurements. Perhaps
the enhancement near Q = (0, 0, 3.50) in the σ − π ′ channel
suggests the peak is contributing. As will be shown next, the
commensurate peak’s temperature dependence correlates to
the lower temperature anomaly in χ (T) and implies it also has
a magnetic origin.

The detailed temperature dependence of both the qIC and
qC peaks are plotted in Fig. 4(a). Peaks were parametrized
via line scans at each temperature and fit with Gaussian line
shapes that quantify the peak area and position upon cooling
toward base temperature. The resulting thermal evolution of
both commensurate and incommensurate order parameters as
well as the incommensurate wave vector qIC are shown in
Figs. 4(b) and 4(c).

Upon entering the incommensurate phase below TAF1, qIC
begins to decrease with continued cooling and eventually
reaches a minimum near TAF2. Upon further cooling below
TAF2, weak scattering weight appears at the commensurate qC
position and the wave vector qIC of the incommensurate peaks
begins to increase. This trend continues down to the lowest
temperature probed (≈2 K). This interplay suggests that the
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discommensuration of the qIC order is tied to the emergence
of the qC order parameter, consistent with a partial lock-in
transition.

In the susceptibility χ (T), the slight easy-plane anisotropy
combined with the fact that both TAF1 and TAF2 appear only
under an in-plane field suggest that the moments are pre-
dominantly in-plane. Magnetic scattering surveyed in multiple
zones reveals that the scattering is strongest in c-axis aligned
Q = (0, 0, L) type positions, also consistent with an in-plane
component [27]. However, in order to unambiguously deter-
mine the moment orientation, future measurements such as
azimuthal scans at multiple wave vectors will be required.

IV. DISCUSSION AND CONCLUSIONS

The incommensurate state observed in our REXS mea-
surements is commonly indicative of either a flat spiral state
or an amplitude-modulated state as illustrated by cartoons in
Fig. 1. A flat spiral is reminiscent of the “double flat” spiral
states reported in Mn-based RMn6Sn6 compounds [28,29]. A
key distinction, however, is that the magnetic order in com-
pounds such as YMn6Sn6 and LuMn6Sn6 derives from their
Mn-based bilayer kagome networks, which naively host com-
peting interlayer exchange interactions. Meanwhile, magnetic
order in RV6Sn6 compounds is derived from their triangular
lattice lanthanide networks, where extended (beyond near-
est neighbor) interlayer exchange interactions are much less
likely. This suggests that RKKY interactions play a dominant
role in the stabilization of the modulated magnetic state.

A further distinction is the development of a commensu-
rate harmonic qC at low temperature in GdV6Sn6 versus the
high temperature commensurate harmonic in (Y, Lu)Mn6Sn6

that splits into incommensurate wavelengths upon cooling
[24,29]. The onset of the qC harmonic upon cooling below
TAF2 can be envisioned as the local formation of phase-locked
modulations of antiferromagnetic planes that propagate within
the longer wavelength, incommensurate state. The fact that
this commensurate harmonic strengthens upon cooling toward
the ground state points to the formation of a partial lock-in
transition [30]—one which may develop further at lower tem-
peratures. This transition toward an equal moment state at low
temperature is suggestive of an amplitude modulated char-
acter to the incommensurate order. The substantial entropy

remaining far below the onset of the incommensurate TAF1

[31,32] and the associated minimization of entropy achieved
as the qC harmonic develops are also consistent with an am-
plitude modulated nature to the transition.

While the incommensurate state that forms below TAF1

mimics those of (Y,Lu)Mn6Sn6, its origin should be distinct
from the physics proposed in those compounds. The evolution
of qIC upon cooling below TAF1 likely arises from entropic
factors associated with an amplitude modulated state rather
than lattice effects associated with unit cell changes tuning
the balance of interlayer exchange interactions in a flat spiral
picture. The incommensurate modulation wave vector qIC
is roughly consistent with nesting between the small Fermi
surface pockets identified along the M-L line of the Brillouin
zone [23], again evoking an RKKY mechanism for the mod-
ulated state. Though future measurements examining whether
the ordered spin state is collinear or noncollinear will be re-
quired, our current data demonstrate a complex condensation
of magnetic order in the topological kagome metal GdV6Sn6.
This provides an interesting avenue for engineering new mag-
netic states in proximity to the kagome planes in RV6Sn6

compounds and for exploring their impact on the topological
band structures.
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